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SiC-based photon-breeding device for characteristic polarization modulation

Naoya Tate
Kyushu University
744 Motooka, Nishi-ku, Fukuoka, 819-0395, Japan
Tel.:+81-92-802-3694, E-mail:tate@ed.kyshu-u.ac.jp
OCIS codes: (230.0230) Optical devices; (350.4238) Nanophotonics and photonic crystals.

Photon-breeding devices have been investigated as novel electrical-to-optical energy-conversion devices. The
nanoscale structure of a material with dopants is appropriately modified by dressed-photon-phonon (DPP)
annealing [1]. Accordingly, the production and radiation of cloned photons are physically stimulated by energy
conversion. To date, Si lasers, SIC-LED, ZnO-LED, and others have been developed. Recently, polarization
modulation using 4H-SiC materials has been experimentally demonstrated [2]. Electro-optical and magneto-
optical devices are widely utilized as polarization rotators. However, they require external setups to induce electric
or magnetic fields of sufficient strength. By contrast, SiC devices can be operated without external fields.
Therefore, smaller, lighter, and thinner devices can be fabricated. In this study, we experimentally verified several
performance characteristics and clarified nano-optical mechanisms during polarization rotation.

In general, the DPP phenomena are utilized twice in an experimental demonstration; for device fabrication and
device operation. For fabrication, the SiC substrate is annealed through Joule heating produced by current
injection to diffuse the Al dopants. During annealing, the substrate is irradiated with laser light to create DPPs that
surround the dopant clusters. Driven by the created DPPs, electron-hole recombination occurs, emitting light.
Because the energy of the emitted light dissipates from the substrate, the efficiency of the Joule heating decreases.
Consequently, a unique spatial distribution of dopants is automatically formed. Then, for operation, the light to be
modulated is input to the device, as shown in Fig. 1(a), and only the surface current is injected into the device. Via
this surface current, the magnetic fields are injected into the device substrate. The fields interact with the created
DPPs by the input light, and then the corresponding photons, with some modulation by the fields, are emitted.
Polarization-modulated light is then obtained as a macroscale optical output. Notably, the polarization modulation
is controllable by several experimental conditions of DPP annealing. As a characteristic demonstration, we
focused on the wavelength dependency of the polarization modulation. As Fig. 1(b) shows, the Verdet constants of
the device before annealing, which indicate the strength of the magneto-optical effect, are 3.47 x 10* and 1.68 x
10* rad/T-m at wavelengths of 457 and 532 nm, respectively. Following annealing using & = 532 nm of light, the
Verdet constant with only A = 532 nm was increased to 4.75 x 10* rad/T-m.

These findings can clarify the nanoscale mechanism behind the novel polarization modulation, which is expected
to result from nanoquantum interactions between the magnetic fields and DPPs. This a topic that has not been
discussed in detail. In future research, we will implement a SiC device designed for a compact application system
that relies solely on this device for development.
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Fig. 1 (a) Appearance (left) and cross section (right) of the SiC device. (b) Comparison of polarization rotation
angle 6, relative to the injected current between A = 532 nm and A = 457 nm optical inputs.
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Spectral-Polarization-Selective Magneto-Optical Effect by
Al-doped 4H-SiC Device with DPP-Assisted Annealing
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Abstract: An Al-doped 4H-SiC device exhibits a large Verdet constant at a specific wavelength
and polarization state via DPP-assisted annealing under the corresponding conditions. Thus, it can
function as a novel MO-SLM for high-performance spectroscopic systems. © 2022 The Author(s)

1. Introduction

The magneto-optical (MO) effect has been applied in many fields of modern optics, including optical information
and optical communications, owing to the modulation of the phase of the light by inducing an external magnetic
field on a specific material [1]. Recently, we reported a novel polarization rotator by doping Al atoms into 4H-SiC
crystal and performing dressed-photon-phonon- (DPP)-assisted annealing, which produces a larger MO effect with a
Verdet constant of 9.51x10 rad/T-m at a wavelength of 450 nm, while maintaining a high transmittance of 99.3%
[2]. In particular, the device does not require external magnetic fields, only local magnetic fields caused by surface
currents induce the MO effect.

The MO effect is induced by parallel spins in clusters of doped Al atoms that are formed by dressed-photon-phonon
(DPP)-assisted annealing [3]. During annealing, a bias voltage was applied to the crystal to provide Joule heating for
the thermal diffusion of the Al dopants, while the crystal was simultaneously irradiated with nonabsorbable laser
light. Consequently, an optimal spatial distribution of Al clusters was established [2]. The distribution, photons,
electrons, and phonons in the crystal create a novel quantum field, which is defined as the DPP [4]. The distribution
of Al clusters varied according to the experimental conditions of annealing, such as the wavelength and polarization
of the laser light. Therefore, the polarization rotation is expected to depend on the wavelength and polarization of
the input light. To verify this hypothesis, we prepared multiple devices under various annealing conditions and
examined the wavelength and polarization state dependence of the Verdet constants. Furthermore, based on the
results, a characteristic physical model of the phase modulation in the device was clearly identified.

2. Experiment

In this study, SiC devices, whose width and length were 2 mm and thickness was 100 um were prepared, as shown
in Fig. 1 (b). Al atoms were doped with injection concentration of 1x10' cm™ and depth of 600 nm. During DPP-
assisted annealing, a forward bias voltage of 22 V (current density: 0.6 A/cm?) was applied to the devices that were
irradiated by a 532 nm laser (optical power: 14 mW). A crossed Nichols setup was prepared, as shown in Fig. 1 (a),
to verify the MO properties of the devices. The device was placed in the crossed Nichols setup to be irradiated by
linearly polarized light and obtain a component of polarization-rotated light through the device. The optical intensity
Vomt of the light was measured using a photomultiplier tube. The amount of polarization rotation 6t was deduced by
calculating the change of the intensity Vpmt, as Vpm=I(1—c0s26:0t)/2. The Verdet constant v of the device was
calculated by 6:o=Bvd, where B and d denote the magnetic induction and length of the interaction distance,
respectively.

The results are shown in Fig. 2. The Verdet constants of the device before annealing are 3.14x10* rad/T-m and
1.80x10* rad/T-m at wavelengths of 457 nm and 532 nm, respectively. After annealing using a wavelength of 532
nm, the Verdet constants at 457 nm and 532 nm increased to 3.29x10* rad/T-m and 5.57x10* rad/T-m, respectively.
Thus, the Verdet constant clearly increases at the same wavelength of light as that used for annealing.

Disclaimer: Preliminary paper, subject to publisher revision
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Fig. 1. (a) Experimental setup evaluating the MO property of the SiC device, (b) appearance of the device. Fig. 2. Polarization rotation angle Grot
relative to the amount of surface current.

3. Discussion

The significant increase in the Verdet constant at specific wavelengths is related to the autonomous spatial
distribution of the Al clusters, which exhibits consistent separation. During the DPP-assisted annealing, the phonons
localized in the Al clusters exchange momentum with the electrons due to the creation of DPP, and then emit
photons. Specifically, the photons can be emitted when the momentum (4/a) between the electrons in conduction
band and the positive holes in valence band is equal to the total momentum of the phonons (#/na) localized in the Al
clusters with a separation of d=na [5]. Since the photons emitted so that the Joule energy is consumed to form the Al
clusters of the same separation. Moreover, the photons emitted with the same energy as the irradiated light during
the DPP-assisted annealing, such uniformly spaced Al clusters can efficiently create DPP when irradiated light at the
same wavelength and induce an increase in the Verdet constant.

4. Conclusion

In this study, we demonstrated for the first time the relationship between wavelength and the Verdet constant before
and after annealing at various wavelengths to determine the range and resolution of the spectral selectivity in the
Verdet constants. Future research endeavors will focus on elucidating the relationship between DPP-assisted
annealing conditions and the spectral selectivity of Verdet constants. This understanding will be used to design a
SiC device that can be applied in spectroscopic systems. Such SiC devices can be used to construct thin, small,
pixelized current-controlled MO-SLM:s suitable for higher-performance spectroscopic systems.

This study was supported by JSPS KAKENHI (Grant No.: JP22H04952).
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Perspective on an Emerging Frontier of Nanoscience Opened up by
Dressed Photon Studies
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Abstract: The core parts of developing dressed photon (DP) research that require advanced knowledge of highly
mathematical quantum field theory and their potentially important impacts on the wide spectrum of long-term scientific
activities in general, not necessarily restricted to those in the natural science sector, are succinctly explained in this
article. Although a considerable number of remarkable technological achievements in the field of nanophotonics have
been attained by utilizing DP phenomena, from the theoretical viewpoint, they remain enigmatic, as in the case of dark
matter and energy in cosmology. Under such circumstances, an intriguing working hypothesis (WH) for DPs is proposed
by the authors of this article through a combination of Ojima’s micro-macro duality theory and the Greenberg-
Robinson theorem, claiming that the space-like momentum contribution is an inevitable element for quantum field
interactions to occur. Note that, as the Schrodinger’s cat thought experiment clearly shows, the widespread
common quantum mechanics knowledge is incapable of explaining how the invisible quantum world is connected to
our familiar visible classical world. In the above-mentioned WH, the main reason why we cannot explain either
DPs or dark entities in cosmology is shown to have roots in the fact that the prevailing theories have not revealed an
important role of spacelike momentum in connecting the quantum and classical worlds. Our new WH further shows
that the entire universe is connected by an instantaneous spacelike entropic spin network, as in the case of quantum
spin entanglement explained in mainstream physics. Since such a network may have a close relation with the
nonlocal consciousness field, which seems to be the final frontier of physics, our perspective on such a possibility is
briefly given in the final section of this paper.

Keywords: dressed photon, silicon light-emitting devices, micro-macro duality, off-shell quantum field, dark energy,
dark matter, twin universes

Nomenclature
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B Boron
CC Cross-correlation coefficient
CCC Conformal cyclic cosmology
CP Clebsch parameterization
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CW
DHR
DP
EPR
FWHM
GNS
GR
KG
LED
LSZ
MMD
NDE
NL
nm
NPi
PB
PCVD
PMMA
PP
QED
QFT
QM
SCSB

Continuous wave
Doplicher-Haag-Roberts

Dressed photon
Einstein-Podolsky-Rosen
Full-width at half-maximum
Gel’fand-Naimark-Segal
Greenberg-Robinson
Klein-Gordon

Light-emitting diode
Lehmann-Symanzik-Zimmermann
Micro-macro duality

Near-death experience
Nakanishi-Lautrup

Nanometer

ith-nanoparticle when i is attached to NP
Photon breeding

Photochemical vapor deposition
Polymethyl methacrylate

Psi phenomenon

Quantum electrodynamics
Quantum field theory

Quantum mechanics

Simultaneous conformal symmetry breaking

1. Introduction

The aim of this article is to disseminate an important implication of dressed photon (DP) research [1], initiated
by an inspired vision of the third author (M. O.) around the beginning of the 1990s, in the context of the progress to be
made in many fields of natural and social sciences. A DP is an experimentally identifiable subtle electromagnetic field
manifesting in a spherical form whose diameter varies in the range of less than several tens of nanometers (nm). Without
exception, a DP is generated around a point-like singularity, such as the tip of an optical fiber or an impurity atom
embedded in a given uniform medium. Figure 1 shows typical situations in which DPs can be generated.

Incident light
Incident light
Fiber probe
Opaque film
Dressed photon  Nanoparticle
Dressed photon
Incident light
Incident light Dressed photon

Dressed photon Rough material surface

Impurity atom

Crystal
©) (d)

Figure 1. Experimental methods for generating DPs: (a) on a nanometer-sized particle; (b) on the tip of a fiber probe; (¢) on bumps of a rough material

Nanoarchitectonics

surface; (d) on impurity atoms in a crystal
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Responding to the demands of the times, during the first decade of this century, DP studies [2] created a new
history in the field of optics. However, this rise of the DP research movement did not attract as much attention as one
would think since DP phenomena are quite elusive in the sense that no existing theory can explain the generation
mechanism. In some references, DP phenomena are described as well-known evanescent light fields, but we strongly
support the view that these are quite different entities, namely, the former are generated by nonlinear light-matter field
interactions, while the latter are boundary-trapped electromagnetic fields satisfying the linear Maxwell equation.

To understand why we cannot have a satisfactory theory of DP phenomena, first, we have to know the present
status of quantum physics. Since many of the potential readers of this journal would not be experts in the field of
advanced quantum field theory (QFT), giving the positioning of our targeted problem (the difficulty of formulating
DP theory) in the Big Picture of QFT would be quite helpful. Actually, the difficulty arises from the disciplinary
fragmentation existing between classical and quantum physics. The great and spectacular progress in quantum physics
achieved in the 20th century made us regard classical physics as a somewhat obsolete discipline compared to quantum
physics, which naturally led us to believe that the laws of quantum physics are the “genuine” physical laws, while those
of classical physics are not exactly correct but approximate laws.

In fact, in standard physics textbooks, finding a simple explanatory phrase stating that electromagnetic waves
are not longitudinal seems to be not rare, despite the fact that the existence of such longitudinal waves was reported,
although not frequently, in eminent literature, for instance, Physical Review [3]. Recall that in “advanced” quantum
electrodynamics (QED), through the process [4] of quantizing the electromagnetic field, the longitudinal mode is
eliminated as an intangible and unobservable mode. We think that we often find the abovementioned phrase in physics
textbooks because of a strong influence from the “advanced” QED without paying any attention to the “obsolete”
classical physics. This being the case, borrowing a geological terminology, we can say that there exists a sharp made-up
“theoretical fault” to be cleared at the dynamic boundary of the two realms of quantum and classical electromagnetism.

We believe that the ill effect of this “theoretical fault” is not restricted to electromagnetism but seems to widely
penetrate into a considerable number of disciplines in physical sciences studying phenomena occurring at the boundary
of the quantum and classical worlds. The widespread problem of the Schrodinger’s cat thought experiment referred to
in the abstract must be a well-known example. The endeavor to remove the “theoretical fault” is regarded as consistent
integration of the quantum and classical worlds, and the micro-macro duality (MMD) [5, 6] theory to be explained here
is a unique proposal aiming at such consistent integration of the quantum and classical worlds. The term consistent
integration of different fields represents our central theme of the perspective we are going to explain in this article.

For those who do not have any prior knowledge of DPs, in section 2, we start our main discussion by briefly
explaining DP phenomena and associated prominent technologies. To give a concise and lucid “bird’s eye view”-type
picture of the present status of QFT, namely, the aforementioned “Big Picture” of QFT, we will explain the essence of
MMD theory in section 3, which plays a key role in our theoretical discussions. Then, in section 4, we will extend our
discussion first to a spacelike Maxwell electromagnetic field and will discuss a novel heuristic model of DPs. In the final
section 5, after briefly touching on a novel cosmology that is least expected from DP studies, an ambitious perspective
on a possible connection between the “instantaneous” spacelike off-shell quantum field and yet-to-be-defined nonlocal
consciousness field is tentatively given. Since consciousness is much more elusive than DPs and it has not gained
“citizenship” in the world of physical sciences, our discussion on consciousness is not given from the viewpoint of pro
and con arguments but from an advocate position.

2. A brief overview of DP phenomena and technologies

Numerous research papers and monographs describing the details of various DP experiments have been published
thus far by the third author M. O. In this section, among others, we will give brief commentaries on ten highlighted
phenomena that cannot be explained within the conventional framework of optics. The existence of these phenomena
serves as an underlying motive of our novel research that we call “off-shell science”, the present status of the theoretical
construction of which is given in the subsequent sections 3 and 4, together with the reason why we call it “off-shell
science”, while the term “on-shell science” is reserved for the conventional framework. The list of ten phenomena is as
follows:

1. The DP energy transfers back and forth between the two nanoparticles (NPs). (cf. Ch. 1 of [1] and [7])

Volume 5 Issue 1/2024| 3 Nanoarchitectonics
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. The DP field is conspicuously disturbed and demolished by the insertion of NP, for detection. (cf. Ch. 1 of [7])

. The efficiency of the DP energy transfer between the two NPs is the highest when the sizes of the NPs are equal.
(cf. [8])

. An electric-dipole-forbidden transition is allowed. (cf. Ch. 3 of [1])

. The DP energy autonomously transfers among NPs. (cf. [9])

The irradiation photon energy /v can be lower than the excitation energy of the electron E,,;.. (cf. [10])

. The maximum size ap y,,, of the DP is 40-70 nm. (cf. [11])

. The spatial distribution of Boron (B) atoms varies and autonomously reaches a stationary state due to DP-
assisted annealing, resulting in strong light emission from the Si crystal. (cf. Ch. 2 of [12])

9. The length and orientation of the B atom pair in the Si crystal are autonomously controlled by DP-assisted

annealing. (cf. Ch. 3 of [12])

10. A light-emitting device fabricated by DP-assisted annealing exhibits photon breeding (PB) with respect to the

photon energy, i.e., the emitted photon energy Av,, is equal to the photon energy Av,,,., used for the annealing. (cf.

Ch. 1 and Ch. 3 of [12])
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2.1 Creation and detection of dressed photons

A DP field is created in a complex system composed of photons and electrons (or excitons) in an NP (Figure 1(a)).
This means that the photon “dresses” the exciton energy, and thus, this field was named a DP [13]. As an example of
further dressing of the material energy, coupling between a DP and a phonon has been found.

To detect the DP that is created and localized on NP, the DP must be converted to propagating scattered light.
This can be performed by inserting NP, into the DP field. Propagating scattered light is created by this insertion, and it
reaches a photodetector in the far field, where it is detected. Although NP, and NP, may be considered a light source and
a detector in this process, one should note the following two phenomena:

Phenomenon 1: The DP energy transfers back and forth between the two NPs.

Phenomenon 2: The DP field is conspicuously disturbed and demolished by the insertion of NP, for detection.

Furthermore, the following phenomenon was also found [8].

Phenomenon 3: The efficiency of the DP energy transfer between the two NPs is the highest when the sizes of the
NPs are equal.

This phenomenon was named size-dependent resonance. Although the long-wavelength approximation has been
popularly used in conventional optical scientific studies on light-matter interactions, it is invalid in the case of a DP
because the spatial extent of a DP is much smaller than the wavelength of light. Due to this invalidity, the following
phenomenon was found.

Phenomenon 4: An electric-dipole-forbidden transition is allowed.

The results of the above basic studies have ingeniously contributed to the realization of innovative generic
technologies. For example, nanometer-sized optical functional devices were developed by using semiconductor NPs.
They have enabled transmission and readout of optical signals via DP energy transfer and subsequent dissipation.
Practical NOT logic gate and AND logic gate devices operated at room temperature have been fabricated by using
InAs NPs [14]. The advantages include their superior performance levels and unique functionality, such as single-
photon operation [15], extremely low energy consumption [16], and autonomous energy transfer [9]. These advantages
originate from the unique operating principles of DP devices achieved by exploiting Phenomena 3 and 4. Furthermore,
an inherent phenomenon was used for device operation.

Phenomenon 5: The DP energy autonomously transfers among NPs.

A non-von Neumann-type computing system has been proposed by using DP devices [17]. The ability to solve a
decision-making problem [18] and an intractable computational problem [19] has been demonstrated.

The following two sections review two more examples of these technologies and present novel phenomena that
originate from the intrinsic nature of DPs.

2.2 Nanofabrication technology

This part starts by reviewing an example of nanofabrication technology that uses a fiber probe (Figure 1(b)) or an
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aperture for creating a DP. Next, a more practical technology is reviewed, in which neither a fiber probe nor an aperture
is required.

2.2.1 Technology using a fiber probe or an aperture

This part reviews photochemical vapor deposition (PCVD) that involves molecular dissociation by a DP and
subsequent deposition of the dissociated atoms on a substrate. Zn(C,H;), was adopted as a specimen molecule. A DP
was created on the tip of a fiber probe by irradiating the end of the fiber probe with light. Gaseous Zn(C,Hs), molecules,
filled in a vacuum chamber, dissociated when these molecules moved into the DP field. The dissociated Zn atoms
subsequently landed on a substrate and were adsorbed on the substrate. By repeating these processes, the number of
adsorbed Zn atoms increased, resulting in the deposition of Zn atoms and the formation of a nanometer-sized metallic
Zn-NP on the substrate.

For comparison, the wavelength in the case of dissociating Zn(C,Hs), molecules by using conventional propagating
light had to be shorter than 270 nm (photon energy = 4.59 eV) to excite an electron in the Zn(C,H,), molecule. By
noting this requirement, the following ingenious contrivances (i) and (ii) were employed to confirm that the Zn(C,Hs),
molecules were dissociated by the above DP.

(1) The wavelength of the propagating light for creating the DP was set longer than 270 nm. However, the
Zn(C,Hs), molecules were expected to be dissociated by the DP on the tip due to the following phenomenon.
Phenomenon 6: The irradiation photon energy 4v can be lower than the excitation energy of the electron E,, ..
That is, since the created DP is the quantum field accompanying the energies of the excitons (E.,..) and phonons
(£ honon) at the tip of the fiber probe, its energy is expressed as hvpp = hv + E, . T Ejponon- Thus, even though hv < E_ .,
the DP energy hv,, can be greater than £, [10].

(i1) The Zn(C,H;), molecules were replaced by Zn(acac), molecules [20]. Zn(acac), is a well-known optically
inactive molecule that has never been shown to be dissociated by propagating light. However, from Phenomenon 4, the
possibility of it being dissociated by the DP was expected.

Figures 2(a) and 2(b) show images of Zn-NPs formed on sapphire substrates by dissociating Zn(C,H;), molecules
[10]. The wavelengths of the propagating light for creating the DP were as long as 684 nm and 488 nm. Figure 2(c)
shows an image of a Zn-NP for which Zn(acac), molecules were used [20]. The wavelength of the propagating light for
creating the DP was 457 nm.

Zn-NP Zn-NP Zn-NP

(nm) 200 0
(nm) (nm) 200 0
(@) (b) ©

Figure 2. Shear-force microscopic images of Zn-NPs formed on sapphire substrates. The dissociated molecules are Zn(C,Hj), ((a) and (b)) and
Zn(acac), (c). The wavelengths of the propagating light for creating the DP are 684 nm (a), 488 nm (b), and 457 nm (c).

The maximum size ap, .y 0f the DP was estimated from the above experimental results [11]. For this estimation,
the increasing rate R of the full-width at half-maximum (FWHM) of the formed Zn-NP was measured [21].

The measured results showed that R was the maximum when the FWHM was equal to the tip diameter 2a, of the
fiber probe (a, = 4.4 nm: tip radius). This was due to the size-dependent resonance of the DP energy transfer between
the tip of the fiber probe and the formed Zn-NP (Phenomenon 3). Although a further increase in the deposition time
increased the FWHM, R decreased to zero. Finally, the FWHM saturated. Figure 2 shows the profiles acquired after this
saturation.

The FWHMs in Figure 2 were 40-70 nm. They were independent of the tip diameter, the wavelength and power of
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the light used for irradiating the end of the fiber probe, and the species of molecules used. Since the spatial profile and
size of the DP transferred from the tip of the fiber probe corresponded to those of the NP deposited on the substrate, the
FWHMs in Figure 2 indicate the following phenomenon.

Phenomenon 7: The maximum size ap ., of the DP is 40-70 nm.

By using the above PCVD technology, a variety of two-dimensional patterns were formed by scanning a fiber
probe [22]. To increase the working efficiency for pattern formation, a novel lithography technology was developed in
which the fiber probe was replaced by a two-dimensional photomask [23]. A fully automatic practical photolithography
machine was developed and used to form a diffraction grating pattern with a half pitch as narrow as 22 nm [24]. It also
produced a two-dimensional array of the nanometer-sized optical devices reviewed in subsection 2.1 [25] and practical
devices for soft X-rays (a Fresnel zone plate [26] and a diffraction grating [27]).

2.2.2 Technology that uses neither fiber nor aperture

This part reviews a technology for autonomous smoothing of a material surface that requires neither fiber probes
nor apertures. The material to be smoothed is installed in a vacuum chamber, and the chamber is filled with gaseous
molecules. By irradiating the material surface with light, DPs are created at the tips of the bumps on the rough material
surface (Figure 1(c)). That is, the bumps play the role of fiber probes for creating DPs. If the molecules move into the
DP field, they are dissociated. The chemically active atoms created as a result of this dissociation selectively etch the
tips of the bumps away, while the flat part of the surface remains unchanged. The etching autonomously starts upon light
irradiation, and the surface roughness gradually decreases as etching progresses. The etching autonomously stops when
the bumps are annihilated and the DPs are no longer created.

The disc surface of a synthetic silica substrate (30 mm diameter) was etched by using gaseous Cl, molecules.
Although light with a wavelength shorter than 400 nm was required for conventional photodissociation, the present
method used visible light with a wavelength of 532 nm based on Phenomenon 6. Etching by active CI atoms
decreased the surface roughness to as low as 0.13 nm. A laser mirror was produced by coating a high-reflection film
on the smoothed substrate surface. Its damage threshold for high-power ultraviolet laser light pulses was evaluated
to be as high as twice that of the commercially available strongest mirror whose substrate surface was polished by a
conventional chemical-mechanical polishing technology [28].

Gaseous O, molecules can also be used for autonomous etching because the O atoms created by dissociation are
chemically active. The advantage is that etching can be carried out in atmospheric conditions by using O, molecules
in air, and thus, a vacuum chamber is not required. Figure 3(a) shows the experimental results of etching a plastic
polymethyl methacrylate (PMMA) surface [29]. Although ultraviolet light with a wavelength shorter than 242 nm
was required for the conventional photodissociation of O, molecules, light with a longer wavelength 4,, = 325 nm
was used here due to Phenomenon 6. For comparison, Figure 3(b) shows the result of etching using conventional
photodissociation, for which the wavelength A¢,eniona OF the light used was as short as 213 nm.
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Figure 3. Ratio of the standard deviation of the roughness of the PMMA surface before and after etching. (a) and (b) are the results acquired by
illuminating the surface with light with a wavelength of 1, = 325 nm and A¢yeniona = 213 nm, respectively. The downward arrows represent the
values of | that are equal to the above wavelengths.

Nanoarchitectonics 6 | Hirofumi Sakuma, et al.



In Figures 3(a) and 3(b), the surface roughness was evaluated from its standard deviation o(/). The horizontal axis
[ represents the period of the roughness of the surface. The vertical axis represents the ratio ¢,4.,/0y.. Detween the o(/)
values before (0,...) and after (o,4,) etching [29]. Figure 3(a) shows that ¢,4./0perre < 1 in the range 1 < 1, through
which the contribution of the subwavelength-sized DP is confirmed. A drastic decrease in 0,4./0.n. Can be observed
in the range 1 < 40-70 nm, which again confirms Phenomenon 7 regarding the maximum size of the DP. In contrast to
Figure 3(a), Figure 3(b) shows that ,./0p.we < 1 in the range 1 > 1 This means that the etching was effective
only in the superwavelength range.

Since DPs are always created at the tips of the bump on the material surface under light irradiation, the present
autonomous etching has been applied to smoothing of a variety of surfaces and materials: the side surface of a
diffraction grating [30], the surface of a photomask used for conventional ultraviolet lithography [31], and the surfaces
of GaN crystals [32], transparent ceramics [33], and diamonds [34].

Conventional*

2.3 Silicon light-emitting devices

Crystalline Si has long been a key material supporting the development of modern technology. However, because
Si is an indirect-transition-type semiconductor, it has been considered to be unsuitable for light-emitting devices.
The momentum conservation law requires an interaction between an electron-hole pair and phonons for radiative
recombination. However, the probability of this interaction is very low. Nevertheless, Si has been the subject of
extensive study for the fabrication of light-emitting devices [35, 36]. The above problems have been solved by using
DPs because the phonons in a DP can provide momenta to the electron to satisfy the momentum conservation law [37,
12]. For device fabrication, DPs were created by irradiating a Si crystal with light. For device operation, DPs were
created by electronic excitation.

For fabrication, an As atom- or Sb atom-doped n-type Si substrate was used. As the first step, the substrate surface
was transformed to a p-type material by implanting B atoms, forming a p-n homojunction. Metallic films were coated
on the substrate surface to serve as electrodes. As the next step, this substrate was processed by a fabrication method
named DP-assisted annealing. Joule heat was generated by current injection, which caused the B atoms to diffuse.
During this Joule annealing, the substrate surface was irradiated with light (wavelength .., = 1.342 um). Because its
photon energy v, (= 0.925 eV) was sufficiently lower than the bandgap energy E, (= 1.12 eV) of Si, the light could
penetrate into the Si substrate without suffering absorption. Then, the light reached the p-n homojunction to create a
DP on an impurity B atom (Figure 1(d)). The phonons in the created DP could provide momenta to a nearby electron to
satisfy the momentum conservation law, resulting in stimulated emission of light. The emitted light propagated from the
crystal to the outside, which indicated that part of the Joule energy used for diffusing B atoms was dissipated in the form
of optical energy, resulting in local cooling that locally decreased the diffusion rate. As a result, through the balance
between heating via the Joule energy and cooling via the stimulated emission, the spatial distribution of B atoms varied
and autonomously reached a stationary state. This stationary state was expected to be the optimum for efficient creation
of DPs and for efficient light emission because the probability of spontaneous emission was proportional to that of the
stimulated emission described above. After DP-assisted annealing, the Huang-Rhys factor, a parameter representing the
magnitude of the coupling between electron-hole pairs and phonons, was experimentally evaluated to be 4.08 [38]. This
was 10°-10° times higher than that before DP-assisted annealing.

The above fabricated device was operated as a light-emitting diode (LED) by simple current injection. By injecting
a current of 3.0 A into the device with an areal size of 0.35 mm by 0.35 mm, a continuous wave (CW) output optical
power as high as 2.0 W was obtained at a substrate temperature of 77 K. A power as high as 200 mW was obtained at
room temperature (283 K) [39]. These results confirmed that the following phenomenon occurs.

Phenomenon 8: The spatial distribution of B atoms varies and autonomously reaches a stationary state due to DP-
assisted annealing, resulting in strong light emission from the Si crystal.

Note that the photon energy emitted from conventional LEDs is governed by E,. However, for the present Si-
LED, the light emission spectra acquired at a temperature of 283 K and an injection current of 2.45 A [39] clearly
showed a high spectral peak hv,, at E, — 3E ., Wwhere E;,., is the phonon energy. The origin of this spectral peak was
attributed to the spatial distribution of B atoms that was autonomously controlled during DP-assisted annealing [40].
The measured three-dimensional spatial distribution of B atoms at the p-n homojunction indicated that the B atoms were
apt to form pairs with a length d = 3a (a is the lattice constant of the Si crystal (= 0.54 nm)) and that the formed pairs

Volume 5 Issue 1/2024| 7 Nanoarchitectonics



were apt to orient along a plane parallel to the top surface of the Si crystal [41]. That is, the following phenomenon was
found.

Phenomenon 9: The length and orientation of the B atom pair in the Si crystal are autonomously controlled by DP-
assisted annealing.

Note that the required phonon momentum must be //a for radiative recombination of the electron (at the bottom of
the conduction band at the X-point in reciprocal space) and the positive hole (at the top of the valence band at the I'-point)
to occur. Since the phonon momentum is 4/3a when d = 3a, the DP created and localized at this B atom pair provides
the momenta of three phonons to the electron. As a result, 4v,,, is expressed as E, — 3E ., and its value is 0.93 eV (£, on0n
= 65 meV), which is nearly equal to the photon energy hv,,... (= 0.95 eV) irradiated during DP-assisted annealing. This
indicates that the irradiated light served as a breeder that created a photon with energy Av,,, = hv,,... and manifested the
following phenomenon.

Phenomenon 10: A light-emitting device fabricated by DP-assisted annealing exhibits photon breeding (PB)
with respect to the photon energy; i.e., the emitted photon energy Av,, is equal to the photon energy Av,,,., used for the
annealing.

PB was also observed with respect to the photon spin. That is, the polarization direction of the emitted light was
identical to that of the light irradiated during DP-assisted annealing [41].

The fabricated Si-LED was demonstrated to work as a relaxation oscillator upon injection of a direct current, yielding
an emission pulse train [42]. As an advanced version of this experiment, the 2nd-order cross-correlation coefficient (CC)
was measured to evaluate the photon statistical features of the emission from small light spots on the device surface,
which took the form of a pulse train (duration and repetition frequency of 50 ps and 1 GHz, respectively) [43]. Figure 4
shows the value of the CC evaluated by a Hanbury Brown-Twiss experimental setup [44]. It presents two features. One
is that the CC is smaller than unity in the range of time difference of the measurements by two independent detectors
| 7| < 20 ns. This indicates the photon antibunching phenomenon that is an inherent feature of a single photon. The
other feature is that the CC takes a nonzero value at T = 0, although it is less than 1 x 107 This small nonzero value
is attributed to the photons generated from multiple light spots located in close proximity to each other on the Si-LED
surface.
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Figure 4. Second-order CC measured as a function of the time difference of the measurements by two independent detectors

These two features suggest the possibility that an emitted cluster of photons behaves as if it is a single photon. This
possibility can be conjectured to be related to the localizable property of the spin-zero particle we noted [43] in relation
to the Wightman theorem [45]. Namely, if the observable positions of given spin-zero quantum particles are sufficiently
close, then the cluster of these particles would behave as if it is a single quantum particle with the accumulated amount
of energy.

At the end of this section, the fact that Si lasers have also been fabricated by DP-assisted annealing should be
briefly reviewed. One example is a CW single-mode laser with a ridge waveguide structure of 500 um length operated
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under room temperature (Figures 5(a) and 5(b)) [46]. Another example is a similarly operated quasi-CW multi-mode
high-power laser (maximum output power = 100 W) with a long cavity (30 mm length) (Figure 5(c)) [7, 47]. PB was
also observed for these devices.
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Figure 5. Light emission spectra and output optical power of Si lasers. (a) and (b) Single-mode laser: spectral profiles above (injected current
density J = 42 A/cm’) and below (J = 38 A/ecm’) the threshold, respectively. The threshold current density Jth is 40 A/cm’. (c) High-power laser:
Relation between J and the output optical power.

3. On the essence of micro-macro duality theory
3.1 From macro to micro as an inductive approach

We can safely say that for the majority of researchers in the fields of physics and engineering, except for experts in
theoretical or mathematical physics, knowledge of QFT must be foreign to them, even though they are familiar with the
standard framework of quantum mechanics (QM), where the state and associated physical quantities of a given quantum
system are represented by a unit vector and self-adjoint operators defined on the Hilbert space $), respectively. The
aim of this and the following subsections is therefore twofold: to clarify the important difference between QM and QFT
and to plainly explain MMD theory, which adopts a methodology of algebraic formulation of the relativistic quantum
field. Since these two subjects are highly mathematical in nature, we will explain the basic outline of their conceptual
structures without touching on the sophisticated mathematics involved.

The fundamental framework of QFT consists of a couple of elemental concepts, namely, the quantum observable,
which characterizes a given micro quantum system, and the quantum state, which determines the way in which
the former manifests itself macroscopically. The aim of QFT as a physical theory is to explain how the structural
interdependent relation changes in four-dimensional spacetime, which is called the dynamics of the system. In
considering the characteristics of the quantum observable and quantum state, noting that these concepts are not directly
recognizable concepts through visible phenomena in the macro classical world is particularly important. To appreciate
their realistic meanings, we will inevitably employ analogies with classical physics (called the quantum-classical
correspondence) together with the correct understanding of measurement processes.

The related important aspect of the quantum field is the fact that, unlike the classical field, not all of it is observable.
In the algebraic QFT with which MMD theory is described, the quantum field is investigated through the associated
noncommutative algebra &, and an observable is shown to be an element of a certain partial ring Aof (A € §). A
well-known example of an unobservable is a quantity that satisfies Fermi statistics. Although a “Fermi state” (a state
in which fermionic fields exist) does not create any problems, we cannot directly observe such a quantity because it
obeys the anticommutation relation that breaks the Einstein causality. Since electrons and protons are well-known and
important fermions in particle physics, we see that the quantum field inevitably includes such an invisible field as to
break the Einstein causality. We think that the outcome of the Bell’s inequality test [48] for the Einstein-Podolsky-Rosen
(EPR) dispute [49] seems to be consistent with this fact.

The starting point of MMD theory is the abstract sector theory of Doplicher-Haag-Roberts (DHR) [50-52], where
sector means a collection of states for which the principle of superposition in quantum physics holds well. Recall that
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in the classical special theory of relativity, the Poincaré group as the transformation group acting on the outer physical
fields plays an important role in identifying the invariants of the fields. A similar situation holds for the inner quantum
field & and its transformation group G. In the case where § possesses the internal symmetry associated with the action
of G, the observable U, is usually given by the fixed partial ring of & denoted by the symbol.

A=F°,(AeF, G=Gal(F/A) ()

where Gal denotes the Galois group fixing U in §.

Since experimental validation is the most important element of physical theories, we can regard DHR’s sector
theory as an ambitious attempt to construct a quantum field theory based solely on the information on observable 2.
The key ingredient of their attempt is called the DHR selection criterion, which sorts the appropriate representations
to be considered for satisfactory implementation of their scheme. The detailed explanation of it is beyond the scope
of this article. The bottom line of DHR’s sector theory is that by applying the selection criterion, based solely on the
appropriate data on 2, we can construct not only G but also & to satisfy Equation (1).

3.2 From micro to macro as a deductive approach

In this subsection, we clarify the emergence process of the macro classical world; namely, we show, by improving
the basic concept of sector in DHR’s theory, how the macro classical world emerges from the micro quantum world.
There are two important aspects of this emergence process. One is related to the degrees of freedom of the physical
variables under consideration, and the other is directly tied to the specific problem of generalization of sector notion
from the viewpoint of physics.

At the beginning of the previous subsection, we started our discussion by referring to the readers’ unfamiliarity of
QFT compared to QM. One of the decisive differences between QM and QFT comes from the difference in the degrees
of freedom of the physical variables belonging to the dynamical system under consideration. If the number of degrees is
finite, then the dynamics of a given system can be described by QM, whereas in the case of infinite degrees of freedom,
QFT takes over. The Stone-von Neumann uniqueness theorem states that there exists only one sector for a QM system,
which clearly shows that for a QM system, there is no room for the classical world to emerge since a sector is the
states for which the principle of superposition in quantum physics holds well. In other words, a sector is defined as the
irreducible representation of U. In what follows, we use the terms state and representation synonymously. In algebraic
QFT, the state w of U is alternatively referred to as the Gel’fand-Naimark-Segal (GNS) representation ($,,,7,) where
$ and 7 denote the Hilbert space and a linear operator on it, respectively.

DHR’s sector theory constructed in the manner described above, however, suffers from serious flaws from the
viewpoint of a physical theory. In theoretical physics, a seminal work of Nambu [53] on the notion of (spontaneous)
symmetry breaking of physical fields made this idea of paramount importance since a considerable number of intriguing
phenomena can be explained by such a process. Unfortunately, G in DHR’s sector theory automatically has a unitary
representation, and all the states reduce to the state with a G-invariant vacuum without symmetry breaking. In addition,
from the definition of a sector as an irreducible representation of A DHR’s sector theory clearly cannot deal with
thermodynamic states as mixed states.

Therefore, conceptual extension of the sector notion is definitely needed to overcome this difficulty. An effective
remedy for this difficulty was proposed by Ojima [5]. Usually, by the equivalence of representations 7,(4) and 7,(4)
of physical quantity 4, we mean the unitary equivalence of 7,(4)=Ux,(4)U"', where U denotes a unitary operator.
If we employ this, then 7, and 7, become nonequivalent even in the case that their difference is only multiplicity, for
instance, of the form 7, = 7 and 7, = 7 ® 7. Ojima reached the solution that, as the classification of representations, if
we employ the notion of quasi-equivalence 7, = 7, in which multiplicity is set aside, namely, unitary equivalence up to
multiplicity, then the difficulty of DHR’s sector theory can be overcome. The minimum unit of this new classification is
called a generalized sector having factor representation with a trivial center.

We can show that for two arbitrary factor representations 7, and =, if they are not quasi-equivalent, then they
are disjoint. For the representation that is not a factor, there exist nontrivial centers as a commutative ring that enable
break down of the representation uniquely into the form of the direct sum of disjoint factor representations through the
process of simultaneous diagonalization. Thus, we see that these nontrivial centers play the role of the order parameters

w°
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describing the classical world, which is the emergence provcess of the macro classical world based on MMD theory.

3.3 On nonlinear field interactions

A typical example of the research on quantum field interactions is collision experiments in elementary particle
physics. Theoretically speaking, the important elements in such experiments are as follows:
(1) the interacting nonlinear Heisenberg field ¢, which must have a complicated spatiotemporal structure whose
amplitude becomes predominant in the narrow spatiotemporal domain around the collision event, and
(2) the initial and final (noninteracting free) states of the field ¢”'* long before and after the collision event,
which can be mathematically described as asymptotic fields ¢* — ¢"'* realized at x° — Foo, where x°
denotes time in the spacetime Lorentzian coordinates x = (x°,x',x*,x°).
For simplicity, we assume that the field ¢ is a scalar field parameterized by a given mass m. The equations of
motion for ¢ and ¢“ become

(@ +m*)p(x) = (polynomial in @) :=J,, 2)
@ +m*)¢" (x)=0 3)
where the nonlinear term J,, is called the Heisenberg source current. Note that compared to the ¢ field, a nonlinear term

is missing for the ¢* field. Without caring about the detailed explanation of mathematical expressions employed in the
following system of equations (Equations (4) to (7)), if we formally write down ¢, then we have

P(x) > ¢ (x) (s 2" - Fo0) @)
P(x) = S {(@, ®id)(TTp(x) @ exp(i/,, ® "))} 6)
= {(@, ®id)T[p(x) ® l]exp(iJ,, ®¢™))}S " ©6)
The two symbols {S} defined as
S = {(@, ®id)T exp(i],; ® "))} = {(, ®id (T exp(iJ,, ® ¢™))} %)

and {exp(iJ, ® ¢"'*")} are the S(cattering)-matrix operator and an extended version of the Kac-Takesaki operator for
an infinite dimensional system, and Equations (5) and (6) are called the Haag-GLZ expansion of ¢.

Fortunately, there exists a helpful translation to decipher the above “hieroglyphic” description of quantum field
interactions, which is called asymptotic completeness. It states that in the extremely long time limit of a scattering
process controlled by the S matrix operator, the Heisenberg field ¢ generated from J, can be transformed into asymptotic
field(s) ¢“ specified by Equation (3), and this field

(i) satisfies, with sufficient accuracy, the on-shell condition for the associated 4-momentum p* having the form

p'p, =m’ >0, where the sign convention of the Lorentzian metric signature (+ — — —) is employed and “shell”
in the present context means the mass-shell parameterized by m, and

(i1) can also be described with the same accuracy by a pair of creation and annihilation operators.

The combined behaviors (i) and (ii) of the asymptotic field(s) ¢ are what Equations (5) and (6) mean, and the
important relation between ¢ and ¢“ is given by the Lehmann-Symanzik-Zimmermann (LSZ) formula [54].

Presumably, those familiar with optics would note why the key element S given in Equation (7) is called the
scattering matrix. When a propagating electromagnetic field hits a small particle, it is reflected in a certain fashion
depending on the given physical situation, which is called scattering of the electromagnetic wave. The quantum field
interaction focusing on ¢"'* mentioned above resembles this scattering phenomenon in form, where ¢ correspond
to the incident and reflected outgoing light fields far from the particle. The substantial difference is that the Heisenberg
field ¢ arises from the nonlinear interactions of quantum fields, while the scattering process in optics can be described
solely in terms of the linear Maxwell equation. In relation to this substantial difference, readers should pay attention

in/out
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to Haag’s no-go theorem [55] stating that there exist no unitary transformations connecting ¢” and ¢*“. This no-go
theorem clearly shows that the existing QFT cannot satisfactorily describe the nonlinear field interactions.

Nevertheless, we think that the impact of the LSZ formula on the particle physicist community is quite significant
in the sense that it provides a quite useful formula for particle collision experiments by circumventing the awkward
problem of nonlinearity. We further think that the advent of the LSZ formula would create the atmosphere in their
community that the study of invisible off-shell quantum fields (fields free from the on-shell condition) directly related to
nonlinear interactions is either an unattractive (in the sense that it is behind the scenes) or a too difficult theme such that
many of them would not think much about it.

In introductory section 1, we referred to the “theoretical fault” existing between the quantum and classical worlds.
The prevailing tendency of focusing mainly on the on-shell aspects of physical fields also seems to be related to the
“theoretical fault” since nonlinear field interactions play essential roles in connecting the two worlds. To conclude
this subsection and in preparation for developing our discussion further in the following subsection, here, we refer
to the Greenberg-Robinson (GR) theorem [56, 57] claiming that the involvement of off-shell spacelike momentum
field p'p, =m* <0 (cf. p'p, =m’ >0 explained in item (i) of field(s) ¢* ) is necessary for nonlinear quantum field
interactions to occur.

4. Spacelike Maxwell’s field and a novel DP model

The contents of electromagnetism in this section and of novel cosmology in the subsequent section are the epitome
of our series of recent studies reported in several papers. The latest research outcomes in the respective fields were
reported by Sakuma et al. [43, 58].

4.1 Spacelike electromagnetic field

In particle physics, a spacelike momentum field p'p, =m’ <0 is often considered the field of a tachyon (or
tachyonic particle) moving with superluminal velocity. However, a wave packet moving with superluminal velocity is
shown to be quite unstable [59], while a simple sinusoidal-type wave does not create any problems. Therefore, assuming
that any spacelike momentum field p* does not give an expression of a particle but represents a nonlocal wavelike field
is natural.

Having noted this important characteristic of spacelike fields, we now explain how the Maxwell equation can
be extended into the spacelike momentum domain, which is required by the GR theorem for us to consider nonlinear
quantum field interactions. Since the Coulomb mode relating to longitudinal waves missing in the conventional theory
of QED must be the key element, we start by reinvestigating the dynamical process in which the longitudinal mode
plays an important role in the Maxwell equation.

J=0,F" =8,(8“ A" —0,4") = [-8"0, 4" +8"(D,4")] (®)

where j* and F"" denote an electric current and the electromagnetic field strength with vector potential 4“. The mixed
form of the energy-momentum tensor for Equation (8) is given by

v vo 1 v oT
T =F P+ i F )

where n, denotes the Lorentzian metric tensor with signature (+ —— —).

The quantization of the electromagnetic field cannot be done without using a gauge-fixing condition of some kind,
which means that we have to specify 0,4" in a physically meaningful fashion. Here, we employ the Nakanishi-Lautrup
(NL) B-field formalism [4] already referred to in section 1, which realizes manifestly covariant quantization. In the NL
formalism, the Lorentz gauge condition 0,4" =0 can be generalized through the introduction of covariant linear gauges
of the form.
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Zy=Bo,A' +%BZ; 0,4 +af=0,0"0,B=0 (10)

where %, B and « are a gauge-fixing Lagrangian density, the B-field and a real parameter, respectively. The second and
third equations in Equation (10) give the gauge-fixing condition and the equation the B-field satisfies, respectively.

From the viewpoint of our present analysis focusing on the substantial (physical) property of nonvanishing
longitudinal mode 0, 4", the Feynman gauge corresponding to o = 1 in Equation (10) is particularly important. The total
Lagrangian density %, and its first variation with this gauge become

&L ota = —%FHVF‘” —%(8VAV ), —>[-0,F*" + 0"(6,4" )64, =0. (11)

By comparing the second equation in Equation (11) with Equation (8), we obtain
0"0,4" =0,0,4"=-B,0"0,B=0. (12)

In the conventional analysis of the energy-momentum conservation of Equation (9), we usually interpret
o0'T,” =F,j =0 as the consequence of j* = 0, namely, no electric current exists. Note, however, that since Equation
(8) reduces to {j* =0, F" =0“(0,4")} by the first equation in Equation (12), this also holds well for the case in which
we have 0'T," = F, 0“(0,4") = 0 under the condition that nonzero current 6“(0,4") (physically different from the
electric current) is parallel to a Poynting vector field associated with F, (F,, L 0“(0,4")). Thus, we have shown that a

longitudinal wave “current” having the form of
(j* =)o, F" =0"(0,4")) 13)

is a physical current that satisfies the energy-momentum conservation, and we further see that for this particular choice
of Feynman’s gauge-fixing condition, the B-field equation 0"0,B = 0 in Equation (12) formally corresponds to the
gauge-invariant condition relating to conservation of “the current” {(j*)=0"(0,4")}.

Next, we consider the extension of the Maxwell equation to the spacelike momentum domain p’p, =m’ < 0. For
the brevity of notation, in what follows, we redefine 0,4" as ¢, namely,

¢:=0,4", 0°0,6=0 (14)

The “gauge-invariant” orthogonality condition F,,(0"¢) =0 derived above is mathematically equivalent to a
relativistic hydrodynamic equation of a barotropic (isentropic) fluid [58]. This observation suggests that we employ
the method of the (two-parameter 4, ¢) Clebsch parameterization (CP) to represent vector potential U of spacelike
electromagnetic field $* since these two parameters play the role of canonically conjugate variables in the Hamiltonian
dynamics of the barotropic fluid [60]. The detailed derivation of U* and S was already given in a few references [61-63],
so here, we only show the main results, which can be classified into two, categories I and II. For the reason mentioned
above, we call the spacelike electromagnetic field defined below the Clebsch dual (electromagnetic) field.

Category I

U* belonging to this category satisfies the lightlike condition of (U") U, = 0, where (-)* denotes the complex
conjugate of (+). In this case, U, is defined in terms of two parameters A and ¢ satisfying the following equations.

U,=210,4, 80,2—(K,) A=0, 00,4=0 (15)
where #, (or its inverse/,, := (k, )™") denotes an important constant called the DP constant referred to in section 2. For

concise representations of $** and the associated energy-momentum tensor fﬂv, we introduce two gradient vector fields
that are perpendicular to each other:
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L,=0,A C,=0,4, CL =0. (16)
With these new notations, the covariant representation of $*" is given by a simple bivector of the form

S, :L#C‘,—LVCH, (17)

M

and we can show that U, is a tangential vector field along a null geodesic satisfying the wave equation on the right side:
Uo,U,=-S,U"=0,==0"0,U"~(x,)’ U"=0. (18)
The energy-momentum tensor ]A"/ " corresponding to Equation (9) is defined as

r'=8,8°=pCC", p=LL, <0, 19)

o1,'=8,05"=S, (x,)’U° =0. (20)
We see that T . has dual representations of wave field S, 5™ and particle field pC,C", and the condition of negative
density p < 0 corresponds to the removal of the particle mode in QED.

Category 11

For spacelike U, that satisfies (U")'U, <0 and is advected along a geodesic, it is redefined as

1 v
U, =2(C,~¢L,), U'dU,=0, @1)

0"0,A—(x,)’'2=0, 0"0,4—(x,)’¢=0, C'L, =0. (22)

The form of S, remains the same as Equation (17), while f”ﬂ” in this case assumes the form of

vo

—— S, 23)

~ ~ 1 ~ ~
v ap v —
]ju S/IO' 2 af 77;4 > Sa,b’yd T Saﬁ 7

Since S, has the same antisymmetric properties as the Riemann tensor R,
S

alps) ~ 0 f"ﬂ” becomes isomorphic to the Einstein tensor G," :=R," —Rg," /2.

including the first Bianchi identity

4.2 Novel heuristic model of a DP

In the preceding subsection, we have shown that the spacelike electromagnetic field S,, can be decomposed into
a spacelike bivector of the form 6"0,4—(x,)*A =0 . In our efforts to develop a heuristic model of a DP, we think that
the analogy called the quantum-classical correspondence referred to in subsection 3.1 is quite helpful. As such a helpful
analogy, we consider first the comparison between the above spacelike Klein-Gordon (KG) equation regarding 4 and the
Dirac equation

@iy'o, +m)¥ =0, 24)

which can be regarded as the “square root” of the timelike KG (type) equation: (6”0, +m*)¥ =0 . The Dirac equation
for (60, —(x,)*)¥ =0 therefore becomes

i(7°0, +x,)¥ =0. 25)

Additionally, for the Dirac equation (24), there exists an electrically neutral Majorana representation in which
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all the values of the y matrix become purely imaginary, so it reduces to (;/"( M)av +m)¥ =0, which is isomorphic to

Equation (25). Therefore, in our quantum-classical correspondence for this particular case, we can say that the Majorana
field is the quantum counterpart of the classical solution of 0”9, —(x;,)* 1 = 0.

Due to Pauli’s exclusion principle, for the Majorana field as the fermionic field, the same state cannot be occupied
by two fields. Therefore, the key question regarding the formulation of the (bosonic) Clebsch dual electromagnetic field
is how the fermionic Majorana field fits into the former field. To answer this question, let us consider two different states
of Majorana fields whose angular and linear momenta are given by (M,, , p) and (N, , ¢"), respectively. Note that two
such fields can share the same Pauli-Lubanski vector W, describing the spin state of moving particles. Namely,

M’uvpv =NVqV=W

p i (26)
where linear momenta p and ¢" are orthogonal, i.e., p'g, = 0. As we have shown in the preceding subsection, the
spacelike electromagnetic field S, is represented by a couple of simple bivector fields L, and C, that are perpendicular
to each other (Equations (16) and (22)). Therefore, such a dynamic configuration in the classical Clebsch dual
representation is consistent with the condition p'q, = 0, and the bosonic property of spin 1 is realized by sharing the
same W, the sum total of which becomes 1.

To obtain a heuristic model of a DP, we utilize the theoretical analysis performed by Aharonov et al. [64], who
studied the resulting behavior of the spacelike KG equation perturbed by a point source of the form 5(x°)S(r), where
r denotes the spatial coordinate(s). In our present analysis, we employ a spherical coordinate system in which » denotes
the radial coordinate. Their analyses showed that the resulting time-dependent behavior of the solution is expressed as
the superposition of a superluminal (spacelike) stable oscillatory mode and a timelike linearly unstable mode whose
combined amplitude with a local peak initially tends to flatten with a speed slower than the light velocity. A timelike
unstable solution arising from the perturbed spacelike KG equation has the form of i(xo,r) = exp( £ k,x")R(r), where
R(7) satisfies

R~+%R'—<r%,)2 =0, (&)= (k)" ~(x,)* >0, 27)

the solution of which is known as the Yukawa potential
R(r)=exp(-&.r)/r, (28)

which rapidly falls off as » increases.

In the classical scel}ario, we can usually interpret a pair of these unstable solutions as follows. While /”At(_) =
exp(—k,x")R(r) decays, A,y =exp(+ k,x")R(r) exponentially grows to nonlinearly interact with the environmental field
missing in our present model. As a tentative quantum mechanical scenario, we conjecture the following possibility.
First, we regard this pair of solutions as a particle-antiparticle pair of the Majorana field: one is going forward in time,
and the other is going backward. The reason why we can have such a pair is that the Clebsch dual electromagnetic
field S,, has a simple bivector structure of the form Equation (17). If their spin axes are antiparallel, then the particle-
antiparticle pair would combine as a boson to form an (spin 0) electric field, and if they are parallel, then we would have
a (spin 1) magnetic field. Here, we regard this state change from two independent timelike Majorana fields produced by
a point-like perturbation to a combined bosonic field as an internal field interaction. In addition, we further assume that
the solution R(r) given by Equation (27) is quantized such that ()’ = (nx,)’ , where n denotes a positive integer. This
quantization defines the discrete energy levels of the DP and the upper limit of the size of the DP explained in section 2.

5. Toward the integration of visible and invisible fields

As we have mentioned at the end of introductory section 1, a novel vision of cosmology, particularly regarding
dark energy, arising from DP studies is what we least expected. A source-free Maxwell equation of electromagnetism
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(in four-dimensional spacetime) and the de Sitter solution (closely related to the spacelike KG equation explained in
subsection 4.1) in cosmology share the same characteristic of self-similarity, namely, they are scale independent. We
think that self-similarity must be a key factor that connects a DP as a nanoscale entity with dark energy in cosmology.
In concluding this article on a novel nanoscience perspective, we think that touching on such an unexpected finding
demonstrating the vast potential of nanoscience to be explored is quite appropriate. In what follows, we first briefly refer
to our recent studies [58] on dark energy and matter as a concrete example of the integration of visible and invisible
fields and then extend our discussion to include the problem of consciousness, which would be the final frontier of the
physical sciences.

In retrospect, our new proposal on the dark energy model is quite simple once we accept the notion of a Clebsch
dual electromagnetic field giving the spacelike momentum field for quantum field interactions. In the preceding
subsection 4.2, we have referred to Equation (26) showing how a bosonic Clebsch dual field can be constructed
from the fermionic Majorana field. Recall that the reason why we introduce the Clebsch dual field is that the GR
theorem explained in subsection 3.3 requires such a field for quantum field interactions. In this respect, we can say
that, conceptually, the Clebsch dual field plays the role of virtual photons in the conventional QED. Since the spatial
dimension of our universe is three, the maximum number of momentum vectors satisfying Equation (26) is also three.
Namely, we have

M, p =N,q" =L, =W, 29

A Clebsch dual field arises from any pair of [(p, ¢°), (¢", ), (+*, ¢")], each of which can be regarded as a “virtual
photon field” moving along one direction of (x', x°, x’). Quantum mechanically, since the Clebsch dual field is composed
of a Majorana field, the state represented by Equation (29) is the compound Rarita-Schwinger state of the Majorana field
with spin 3/2.

The important role played by this compound state is as follows. We can regard this state |M 3>g as the “ground”
state of the “virtual photon field”. Since electromagnetic field interactions are ubiquitous phenomena in the universe,
incessant occurrences of excitation-deexcitation processes between the ground |M 3>g and nonground states occur,
which would make |M 3>g a “stable unseen off-shell state” from the viewpoint of a macroscopic time scale although
the states of virtual photons are extremely ephemeral. At the end of subsection 4.1, we noted that the energy-momentum
tensor TAﬂ“ of the Clebsch dual field is isczmorphic to the Einstein tensor G,, which facilitates obtaining |M 3>g in the
theory of general relativity. Recall that 7," is itself a spacelike unobservable quantity. However, by referring to the
fundamental knowledge of QFT regarding observable quantities explained in relation to Equation (1), we conjecture
that the trace of TA”#V is an observable quantity since, by the abovementioned isomorphism, it is proportional to the scalar
curvature R of the spacetime as the invariant of general coordinate transformation. The most well-known model of dark
energy is what we call the cosmological term Ag,,, and the value of 4 derived by Planck satellite observations [65] is A,
~3.2 x 10 m”. Although our model T;” is quite different from Ag,,,we can define a reduced cosmological constant 4,
as the trace of 7:/4” and the 4,, estimated by the DP experiments explained in subsection 2.2 turns out to be 4,, = 2.47 x
10 m?, which is very close to A,

Regarding the physical meaning of the cosmological term Ag,,, the long-standing controversy since the time of
Einstein has not yet been settled. We think that the major problem is the fact that metric tensor g,, by itself is not an
appropriate set of quantities to represent the gravitational field since for the flat spacetime, we can introduce a multitude
of metric tensors depending on the coordinate system we choose. Our proposal for resolving this problem is to use the

following identity [63] on Weyl curvature tensor W, ; :

1

W, W —ng,Wz =0, W2 =W, W, (30)

Hapy apys

Based on this identity, we can redefine metric tensor g,, as
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under the condition that W* # 0. Then, the cosmological term /g, with a certain meaningful constant 1 becomes the
energy-momentum tensor of the conformal gravitational field, of which justification in relation to the novel definition of
entropy introduced by Aoki et al. [66] is given in the latest paper by Sakuma et al. [58].

The crucial assumption of W # 0 is closely related to our novel cosmology, which is similar to conformal cyclic
cosmology (CCC) proposed by Penrose [67]. The essential characteristic of CCC is that the universe repeats an infinite
cycle of life and death through the interaction of the nodal “null universe” with a conformal light field. The decisive
difference between our cosmology and CCC lies in the fact that while the twins (as a matter and antimatter pair) in
the augmented universe play key roles in the former scenario, a single universe undergoes a cyclic process through its
internal dynamics in the latter scenario. In our model, the creation and annihilation of twin universes can be compared
to the pair creation and annihilation of elementary particles, and the configuration of twin universes in a 5-dimensional
Minkowski space is uniquely determined by the dark energy field in our model [68]. In Figure 6, we give a schematic
diagram showing how twin universes undergo everlasting cyclic changes.

Dual de sitter structures embedded in 5" dimensiol Minkowsky space R’

“Big bang”

Expansion as time evolution

Lim

Pair creation of the subsequent phase Matter

Anti-matter

im

Event horizon in R® (¥)

Anti-time evolution
“Big bang”

: Pair creation of the present universe : Pair creation of the subsequent universe

(*) Event horizon in R® where pair annihilation of the present universe will
occur and next phase of cyclic motions start

Figure 6. Schematic diagram on the infinite cyclic motions of twin universes. Twin material universes are born from the nodal “null universe” with
conformal light field and will return to its original light field eons later by the process of a pair annihilation at the event horizon R’.

In our new model, the abovementioned nodal null universe is represented by light fields that consist of the light
field we are familiar with and the Clebsch dual light field of category I. In our cosmological scenario, the transition from
the nodal null universe to the metric twin universes occurs as the result of simultaneous conformal symmetry breaking
(SCSB) of electro-magnetic and gravitational fields. By SCSB of the electromagnetic field, we mean the appearance
of the Clebsch dual light field of category II leading to the dark energy field 4,,, and SCSB of the gravitational field
corresponds to the emergence of a nonzero W field in Equation (30). In their latest study on cosmology, Sakuma et al. [58]
further showed that there exists a strong correlation between Weyl curvature tensor W,,,; and the gravitational entropy
field having the form of a spin network, from which an intriguing dark matter model emerges.

Regarding the problem of fixing a constant for the cosmological term Ag,,, they argue that the choice of
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Ay = —%ﬂDP >0, A,y x—2.47x10"m™, (32)

would be an appropriate estimate consistent with the observational evidence that the abundance ratio between dark
matter and dark energy is approximately 1:3. The reason why we have negative 4,, here is because we employ the sign
convention (+ — — —) for metric tensor g,,. Since the abundance ratio of ordinary matter is approximately 5 percent, the
overall spacetime structure must be determined by dark matter and energy. We conjecture that Equation (32) reflects a
formal equipartition of spacetime energy of the form

Dark matter = (4,,, 0, 0, 0)
Dark energy = (07 _/,{dma _/ldm) _;Ldm)

from which we can say that our universe has a nearly flat spacetime structure.

In addition, as we have shown in Figure 6, the parameter /, :=./(1, )" gives the characteristic length scale of
our universe. Immediately after the SCSB event, the magnitude of the emergent 7 would be quite small. However, the
local maxima of W work as the cores of universal gravitation, so such cores become the seeds of galactic formation.
Note that the smallness of #* means that the spacetime structure of the early universe was isotropic, so contrary to the
widely prevalent theory based on a cosmic inflation scenario, our new theory naturally explains the isotropy of the early
universe.

As we have explained in the arguments developed thus far, the essential ingredient of invisible fields is the
spacelike momentum field breaking the Einstein causality. Although the GR theorem referred to in subsection 3.3 does
not seem to attract the attention of mainstream physicists, we think that a currently spotlighted research theme such as
quantum entanglement must be closely related to it. In subsection 4.1, we showed that DP constant /,, = (x,)" is a key
parameter for spacelike momentum of electromagnetic field (cf. Equation (15)). One of the quite intriguing findings
from the viewpoint of nanoscience is that DP constant /,, = 50 nm gives the geometric mean of the smallest Planck
length /, and the largest characteristic length scale of our universe /,, =4/(4,, )", where 1, is given by Equation (32).
Namely, /,, is considered as “the central scale of our universe” called Heisenberg cut dividing our micro and macro
universes, and our newly proposed model on DP genesis shows that DPs come into existence through the interactions
between the visible materialistic field and the invisible spacelike momentum of electromagnetic field.

The final remarks we would like to make on the invisible spacelike momentum field that would connect every
component in our universe instantaneously are its relationship with elusive consciousness. Presumably, an emerging
view on this problem currently in the spotlight would be a notion called “singularity” of artificial intelligence (AI)
[69]. According to this view, the singularity is loosely defined as the critical point in Al evolution beyond which Al
will outperform human even in the realm of creativity. However, we should not miss the fact that a world-renowned
mathematical physicist Penrose strongly disagrees with the existence of Al singularity. In one of his books entitled
Shadows of the Mind [70], Penrose eloquently argues that, on the basis of Godel’s incompleteness theorems published
for the second Hilbert problems [71], the activities of human consciousness including those of mathematics cannot be
reduced to algorithmic processes on which Al essentially depends.

We can say that views on human consciousness conflicting with Al singularity are shared by not a few scientists
and philosophers even in the western community. Hungarian philosopher of science Laszlo [72], the founder of the
Club of Budapest, holds a unique view that the western science and the eastern esoteric philosophy can be united
harmoniously. The following arguments on human consciousness we are going to develop are in line with such a basic
philosophy of Laszlo. Since the electromagnetic field is an inevitable mediator for the normal operation of cranial nerve
systems, we think assuming that conscious activities are related to such an invisible spacelike electromagnetic field
is quite natural, especially when we consider the possible existence of what we call paranormal (or Psi) phenomena
(PP), such as clairvoyance, telepathy and near-death experience (NDE). In modern societies where our sense of values
has been heavily influenced by materialism, we tend to regard such PP as fantasies or hallucinations. However, there
exist numerous scientific reports supporting their credibility [73], including a special report in which Alexander, a
highly trained neurosurgeon at Harvard, described his own NDE [74] in detail as a bona fide challenge to the prevailing
Western materialistic world view. We think that such an emerging societal situation in which we have conflicting world
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views is, in a sense, similar to the situation we touched on in section 1, where we have two conflicting explanations of
the existence of a longitudinal mode of an electromagnetic wave: the one based on fragmented knowledge, although it
belongs to scientifically “advanced” QED, where a longitudinal mode is excluded as a ghost mode, and the other based
on the quite sound but undistinguished scientific approach.

In coping with the problem of consciousness, the most difficult aspect of it would be how to deal with qualitative
attribute such as motivation in life, selfish and unselfish acts, in addition to the interpretation of what we call mysterious
experiences including inspiration, which is surely beyond the scope of the present physical sciences. Of course, now we
do not have a clear vision on the way we should go, but we should bear in mind that, if we look back at the history of
science, we find numerous stories in which inspirational experiences beyond description played a central role in making
breakthrough achievements. In his autobiography [75], Nikola Tesla, a legendary genius in electrical engineering, tells
us such an inspirational experience on the revolutionary idea of induction motor, which came suddenly to him as a
“revelation” when he was reciting a verse of the “Sunset Speech” from Goethe’s Faust. It seems that he could directly
access to the blueprint for future technology by resonating with the currently unknown field beyond spacetime.

We think that, as the well-known Fourier analysis shows, if everything is composed of a certain energetic wave
field, then the resonance may be interpreted as frequency matching. As Tesla’s experience implies, such a frequency
matching may be the ultimate way to learn the innermost secret of reality. In this respect, a medical practice such as
wave adjustment therapy taken as a kind of pseudoscience may turn out to be a natural and sensible therapy. If we turn
our eyes toward economic activities that are of vital importance to our societies, as in the case of medical care, we find
that economics has reached an impasse over the question of how to deal with human factors such as motivation in life,
selfish and unselfish acts already mentioned just before the anecdote of Tesla. In economics, the action of (self-interested)
individual is simply modeled to maximize utility (function) as a measure of consumption. This oversimplification seems
to be a modeling effort in pursuit of the formality of mathematical science and, by virtue of this, economics became the
queen of social sciences. However, we can say that this very aspect of economics led to the unwanted degradation of
economics in the sense that the model prediction does not reflect the real economic activities.

To overcome this drawback, Okabe [76] has launched an ambitious initiative called Humanomics as an
investigation of the new form of economics in which the well-being (as a qualitative human factor) of constituent
members in our communities and economic development (as a gross quantitative factor of macro-economics) are to be
achieved in a consistent fashion. We think that the challenging endeavor of Humanomics is closely related to our main
theme of consistent integration of different fields mentioned in section 1. In Okabe’s proposal, an individual human is no
longer a self-interested person, but a practitioner carving a new life of the self-improvement with the awareness that we
are souls contributing to the harmonious development of our world. One of the fundamental premises of Humanomics
is based on an unprecedented system of wisdom learning on the human existence established through a decades-long
pilot study project. The whole project was led by Takahashi [77, 78], an eminent leader who is conversant with the wide
spectrum of PP Alexander experienced and was supported by the active participation of numerous collaborators in the
fields of medical practice, management, education, etc.

Our research on DPs initiated by the third author M. O. has been a continuous challenge of breaking the firmly
established framework (or paradigm) of the existing theory of electromagnetism. Especially in the early stages, Ohtsu’s
DP research was considered quite abnormal such that almost all senior researchers in the field of optics ignored
it. Concerning the dauntless challenging spirit of M. O., the first author H. S. thinks that Hancock [79], a British
investigative journalist and bestselling writer who has been providing many thought-provoking ideas on the lost
civilization of Atlantis, seems to share a similar challenging spirit. According to Hancock, his attempt to find evidence
of the lost civilization was ridiculed by scientific communities in the 20th century. However, the situation has gradually
changed with the accumulation of new archaeological evidence, especially recent quite convincing geophysical evidence
of the catastrophic Younger Dryas event [80] reported in the Proceedings of the National Academy of Sciences, which
confirms the period of the sudden fall of Atlantis told by Plato. Hancock speculates that Atlanteans did not have much
interest in materialistic worlds compared to nonmaterialistic spiritual worlds because they knew that the former occupy
extremely small portions of the entire world, just as our lifetime span on the earth is negligibly small compared to the
eternal life of the spirit. Interestingly, such a world view of Atlanteans speculated by Hancock is exactly the same as
what Alexander experienced in his NDE.

Suppose that souls are actually eternal entities experiencing infinite cycles of birth and death between the visible
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and invisible worlds, as in the case of twin universes in our cosmology; then, we can say that the existence of DPs
and the associated cosmology symbolize not only human existence but also Hancock’s favorite Hermetic verse of “As
above, so below”. We believe that nanoscience will play the central role of a springboard in inducing a large paradigm
shift in science.
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Abstract

This paper reports the results of numerical calculation of the output signal intensity emitted from a nanometer-sized
particle (NP) located at the center of the surrounding NPs. A blown-up quantum walk model is used for these calculations.
When the number of these NPs is as small as 4-6, the output signal intensity shows a drastic increase. This increasing
feature agrees with the experimental results and implies that the dressed-photon—phonon autonomously transfers in a

microscopic system composed of a small number of NPs, which is a typical off-shell scientific phenomenon.
1. Introduction

A dressed photon (DP) is a quantum field created by the interaction between photons and electrons
(or excitons) in a nanometer-sized particle (NP) under light irradiation. The created DP localizes at
the NP. It is an off-shell quantum field because its momentum has large uncertainty due to its
subwavelength size [1, 2].

Since the DP creation originates from the light—matter interaction in a microscopic space, a
spacelike momentum field must be introduced into the electromagnetic field theory. This has recently
been successful in off-shell science, allowing physical pictures of the creation process to be drawn.
These successful pictures have revealed the following [3,4]:

(1) A microscopic material field (a timelike momentum field) interacts with a vector boson field.

(2) In addition to a stable pair of Majorana fermions (a spacelike momentum field), an unstable pair
consisting of a Majorana particle and anti-particle (timelike momentum fields) is created.

(3) Although this unstable pair annihilates within a short time duration, a novel light field (a timelike
momentum field) remains at the microscopic material. This is the DP.

Furthermore, the DP couples with a phonon to create a new quantum field, named a dressed-

photon—phonon (DPP). The spatial behavior of the transfer of this created DPP was analyzed by using
1



a quantum walk (QW) model [5], and the results of this analysis agreed well with experimental results
[6-12]. This paper reports the results of numerical calculations that were carried out for studying the
experimentally found unique features of DPP transfer among a small number of NPs.

2. Review of experimental results

This section reviews experiments conducted to improve the optical/electrical energy conversion
efficiency of a silicon photodiode (Si-PD: Hamamatsu Photonics K.K., Si photodiode S2388: Active
surface area 5.8 mm x 5.8 mm) [13,14]. As schematically explained by Fig. 1(a), small and large
NPs (NPs and NPr) were used, which were made of CdSe spherical particles. Their average diameters
were 2.0 nm and 2.8 nm, respectively. These NPs were dispersed in a mixed solution of toluene and
an ultraviolet (UV)-curable resin. The volume density of the dispersed NPs was controlled so that the
average distance between NPs was around 40 nm. Half of the Si-PD surface was spin-coated with a
resin containing a mixture of NPs and was cured by UV radiation, whereas the other half of the surface
was coated with the same resin without the NP mixture. Fppp and Fy in Fig. 1(a) represent the cured
resin films on the Si-PD surface with and without the NPs, respectively. After the DPP transfers from
NPs to NPL in Fppp and creates an exciton in the higher energy level of NPy, the exciton relaxes to
the lowest energy level to emit a photon. It should be noted that the energy of this photon is red-
shifted” due to the relaxation of the exciton.

Fopp Fo
NPg NP, 1 1
‘/ \ AN |
Resin StHl
(a)
Input light Input light

| ..... [@ IDPP ..... [ iO

g (b) (©)

Fig. 1 A silicon photodiode on which a cured resin film is coated.

(a) Cross-sectional profile.

(b), (c) Generated photocurrents (/ppp and Iy) by radiating input light onto the films Fppp and Fo, respectively.

By using a deuterium lamp and a halogen lamp (wavelength: 300—400 nm) as input light
sources, the photocurrents /ppp and /o, generated in the Si-PD under the films Fppp and Fo, respectively,
were measured. Since the Si-PD is sensitive to visible light, the photocurrent /ppp (Fig. 1(b)) is larger

than o (Fig. 1(c)). The rate of increase of the photocurrent is defined by

2



An =Ty -1,)/1, - (1)
Figure 2 shows the measured value of Az [13,14], which shows that A7 is larger than 10 % when

the ratio n (= ng/ nL) between the numbers ng and n, of NPsand NPy is in the range of 2—6. This

drastic increase and the unique dependence on n are typical off-shell scientific phenomena that have
never been observed in the case of conventional on-shell scientific methods. The following sections

analyze these phenomena by employing an oft-shell scientific QW numerical calculation.

0.3

0.2
An

0.1

0 2 4 6 8 10

Fig. 2 Measured values of the rate of increase A7 of the photocurrent.

The horizontal axis is the ratio 7 between the numbers of NPs and NP;.

(*) This is conversion from UV to visible light energy. It has been advantageously used not only to improve
optical/electrical energy conversion efficiency but also to protect the Si-PD surface from deterioration induced by UV

exposure [13,14].

3. A blown-up quantum walk model

This section presents a QW model for analyzing the unique features of the DPP transfer from NPs to
NPy.. Here, the optical/electrical energy conversion process in Fig. 1 does not have to be included in
this model because this conversion occurs after the DPP transfer completes.

Figure 3 schematically explains how to apply the incident light (input signal) to Fppp in Fig.
1 and generate the emitted light (output signal). The DPP transfer in the three-dimensional Fppp is
modelled by two-dimensional arrangements of NPs and NP in Fig. 4, in which n NPs (white circles

) are arranged around one NPy (gray circle @). A DPP is created at these NPss by light irradiation

(an input signal) and transfers to the NPL. Since the different-sized NPs and NPL were used in the
experiment only to allow the exciton to relax to the lowest energy level of NPr and since the relaxation
process is unrelated to the DPP transfer from NPs to NPy, this size difference does not have to be

considered in the present QW model.



Incident light
(Input signal)
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Fig. 3 How to apply the incident light (input signal) to Fppp and generate the emitted light (output signal).
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Fig. 4 Two-dimensional arrangements of NPs and NP..
They are represented by white circles (O) and a gray circle (@), respectively.

(a)-(e)are for n=2-6.
The two-dimensional QW model of the arrangements in Fig. 4 has been formulated for
calculating the intensity of a generated output signal [15]. In this model, in the case of Fig. 4(c)
(n=4), as an example, the sites for four input signals (white circles O) are blown up, and four

internal sites are attached. They are represented by small black circles on the circumferences of the
white circles in Fig. 5. These attachments are to establish routes of transfer in and out of the DPP

(represented by a pair of curved arrows). These internal sites are also attached to the blown-up site

for the output signal (gray circle in Fig. 5). Finally, a side cycle (a closed loop represented by an



oo -shaped thick gray curve in Fig. 5) is selected to identify the DPP transfer route that passes through
both the internal sites for input and output signals. Such internal sites and side cycle are attached also
to the arrangements in Figs. 4(a), (b), (d), and (e). Their details are described in Ref. [15].

Fig. 5 Schematic explanation of a blown-up quantum walk model.
Internal sites are represented by small black circles on the circumferences of the four white circles and a gray circle.

The closed loop is a side cycle that is represented by an 00 -shaped thick gray curve.

In order to represent the experimentally observed phenomenon of photon breeding with
respect to photon momentum [10], it is assumed that the DP-phonon coupling constant 4 [5] takes
different values for the DP that hops along the directions parallel ( y,) and anti-parallel ( y,) to that

of the incident light propagation. That is, the possibility of photon breeding occurring is assumed to
be higher in the case of y, > y, than that of y, < y,. The difference between these constants is

represented by introducing a parameter & into
af . =(1+2)/1-2). @)

For comparing with the case of y, < y,, the value of & is allowed to vary in the range of

~l<e<l. 3)
From the QW model constructed above, Ref. [15] derived the stationary value P, of the

output signal intensity, which was the value realized a sufficiently long time after the input signal was
applied (refer to Fig. 10(a) in Section 5). The results demonstrated the following unique off-shell
scientific features of the DPP transfer:

(1) P, increases with increasing n and asymptotically approaches (1 + 8)2.

(2) P, i1s1lat n=2,which is independent of ¢.
(3) P, for n=3 isequaltothatfor n=6.
(4) P, 1s1inthe case of & =0, which is independent of ».

(5) P, isindependent of y/J,where J isthe hopping energy of the DP [5].



4. Results of numerical calculations

Numerical calculations were carried out by referring to the theoretical results (1)—(5) in Section 3.
Figure 6 shows the calculated relation between n(= 2-12) and P. Here, the value y/J was
fixed at 1 by referring to (5) in Section 3. Figs. 6(a)-(c) and (e)-(g) are the relations for & >0

(x,>x,) and for £<0 (g, <y,), respectively. Figure 6(d)is for ¢=0 (y, =z,).
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04
0.2

10 L L L L L L
08l 2 4 & 8 10 12
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e @
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Fig. 6 Calculated relation between n and F.

The value y/J was fixed at 1.
(a)-(c) £=0.600,0.923, and 0.981 ( ¥,/ x,=2,5,and 10).(d) €=0 (y,/x, =1.

(e)-(g) &£=-0.981,-0.923, and -0.600 ( g,/ x, =0.1,0.2, and 0.5).

Figure 7 shows the relation between y,/y, inEq. (2)and S, .Here, S, and S, arethe

sums of P, in Fig. 6 over n=2-6 and n=2-12, respectively. This figure indicates that the

value S, is small when x,/x, <l. However, it increases rapidly with increasing y,/y, when

2/x,>1.As aresult, S, takes a large value in the case of  , > y,. This result agrees with the

experimental result for photon breeding with respect to photon momentum.
In Figs. 6(a)-(c), P, increases with increasing n while varying in a pulsatory manner, as

schematically explained by the broken curve and white circles in Fig. 8(a), respectively. (For
comparison, Figs. 6(e)-(g) show that P, decreases with pulsatory variations, as explained by Fig.

8(b).) Increases in Figs. 6(a)-(c) and Fig. 8(a) represent the typical on-shell scientific feature because

6



P, often increases with increasing number of NPs in a macroscopic-sized system composed of a
large number of NPs. In contrast, the pulsatory variation, which is conspicuously seen in the case of
a small number n, is the off-shell scientific feature of the microscopic-sized system. In order to
analyze this pulsatory feature, the magnitude of deviation of the white circle from the broken curve
in Fig. 8(a) is defined by

|Pos(”)_Pos(”_l)|
Fos(n)+ Fys(n—1) '

APos (”) = 4)

Figure 9(a) is the calculated result for ¢ > 0. It shows that Ap g (n) takes a large value in

the range of n =4-6, which agrees with the experimental results in Fig. 2, and thus, the correlation

with photon breeding with respect to photon momentum is confirmed’. For comparison, Fig. 9(b)

shows the results for ¢ <0, in which the value of Ap (n) shows a complicated dependency on

n. Especially for & =-0.981, it takes large values at n=4, 5, 8, 9, and 12. It originates from very

small values of P (Figs. 6(a)-(c) and 7) due to the low probability of photon breeding occurring.
30.0 T

20.0 —

10.0|—

A
01 02 05 10 20 50 100

X4/

Fig. 7 Relation between y,/y, and S, .
S, and S|, arethe sumsof P inFig.6over n=2-6 and n=2-12, respectively.

e

(a) (b)

Fig. 8 Schematic explanation of the variations (broken curves) of F, ¢ and pulsatory deviation (white circles) from the
broken curves.

(a) and (b) are for the case of & >0 and & <0, respectively.
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(a) For the case of & > 0. White circles and squares are for &=+0.981 and +0.600, respectively.
(b) For the case of & < 0. White circles and squares are for &=-0.981 and -0.600, respectively.

(*) Figure 9(a) shows that Apos (n) takes a distinctly large value at 7 =3 . Since it originates from feature (2) in

Section 3, further studies on the QW model are required to explore this origin.

5. Discussion

In Fig. 9(a), large values of Apq (n) in the range n = 4 -6 imply that the phenomena occurring in

a microscopic system composed of a small number n are very different from those in a macroscopic
system. Although the macroscopic phenomena follow the popular on-shell scientific principle of least
action, the large values in Fig. 9(a) mean that the DPP in the microscopic system is free from this
principle and can transfer in an autonomous manner. Such autonomous transfer has been implied by
a variety of experimental results on DPPs, including the experimental results in Fig. 2 [11].

In further studies on the autonomous transfer, it could be advantageous to analyze the
temporal variation of the output signal intensity P,(¢) in the transient time period that starts

immediately after the input signal is applied to the system. Figure 10(a) shows the profile of P, (¢).
Figures 10(b) and (c) show the calculated time ¢ required to converge to the stationary value P,
for £€>0 and for ¢ <0, respectively. This time 7 depends on n for ¢>0 (Fig. 10(b)). In
contrast, it is independent of n for & <0 (Fig. 10(c)). Calculations also found that the time ¢
depended on the value of y/J , which is different from feature (5) in Section 3.

Furthermore, within the transient time period (¢ <t¢;), F,(#) pulsates in the case of & >0,
and can take a larger value (white square in Fig. 10(a)) than P . This pulsatory variation feature
implies that the DPP tries to find the transfer routes in Fig. 5 in a unique manner to autonomously fix
the optimum route to the NPL. To investigate this further, temporal variations of the DPP creation

probabilities should be evaluated more quantitatively, not only for the output terminal NPy but also

8



for each NPs.

Since the positions and sizes of NPs and NP. can fluctuate when they are dispersed in the
UV-curable resin in Fig. 1(a) [16], the QW model in Figs. 4 and 5 should be slightly modified by
taking these fluctuations into account. Furthermore, it may be advantageous to replace the two-
dimensional model in Fig. 4 by a three-dimensional one [10]. More accurate comparisons between

calculated and experimental results are expected by doing so.

| 105_ 106_
20 k- F\ 108 105{0—O0—0—0—0
: t, 10 t. 10'e— o 0 —0—0
Po (f Pos : s
1.0 10% - 108 -
tS
I 102~ 102 -
oL 1 ] \I 1 | | | | | 1 | | | |
102 10% 10* 105 10° 2 3 4 5 6 2 3 4 5 6
t n n
(a) (b) (c)

Fig. 10 Temporal variation of the output signal intensity P, (#) .
(a) Profile of £, (¢) for n=5and &=+0.981. t, represents the time required to converge to the stationary value
P, . The white square represents the value at the peak of the pulsatory variation, which is larger than F.
(b) For the case of & > 0. White and black circles are for &=+0.981 and +0.923, respectively.
(c) For the case of & < 0. White and black circles are for £=-0.981 and -0.923, respectively.

6. Summary

This paper reported the results of numerical calculations of the output signal intensity emitted from a
nanometer-sized particle (NP: output terminal), which was located at the center of surrounding NPs
(input terminals). A blown-up quantum walk model was used for these calculations, and the results
indicated that the output intensity increased with increasing number of surrounding NPs. However,
when this number was as small as 4-6, the intensity deviated from this trend and showed a drastic
increase. This agreed with the experimental results. This deviation implied that the DPP autonomously
transferred in a microscopic system composed of a small number of NPs, which is a typical off-shell

scientific phenomenon.
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Abstract

This paper claims that the unique features of dressed photon (DP) transfer are governed by the DP energy dissipation. First,
problems on theoretical descriptions of DP creation, transfer, and measurement are presented, and strategies for solving
them are also indicated. Second, experimental results of DP measurement are reviewed. It is pointed out that these results
follow a principle that differs from the on-shell scientific principle of least action. Third, in order to analyze these results,
a theoretical non-unitary quantum walk model is presented by considering energy dissipation. Finally, calculated results
are presented, suggesting that an optimum dissipation constant of the dressed-photon—phonon energy exists. It is also
claimed that the transfer path with such optimum dissipation is autonomously determined to minimize the decreases in the
emitted light power. In other words, this determination is governed by the off-shell scientific principle of largest output

signal.

1. Introduction

A large number of novel phenomena that originate from the nature of the dressed photon (DP) have
been experimentally found and applied to realize innovative technologies [1]. As an introduction to
this paper, this section summarizes the principles of DP creation, transfer, and measurement [2], as
follows:

[1] Creation (Fig. 1(a)): A DP is created on a nanometer-sized particle (NP) by the interaction between
a light field and a microscopic material field.

[2] Transfer (Fig. 1(b) and (c)): If a second NP (NP») is placed in close proximity to the first NP (NP)
(Fig.1(b)), the DP on NP transfers to NP>. This transfer between these NPs is bi-directional because
it originates from the interaction between the NPs. Even when the number of NPs is increased to N
(Fig. 1(c): NP; to NPy), bi-directional transfer of the DP also occurs.

[3] Measurement (Fig. 1(d)): For measuring the DP, a larger-sized NP (NPy) is placed at the end of



an array of smaller-sized NPs (NPs) [3]. After the DP reaches NPy by repetitive bi-directional transfers
between the adjacent NPss, an exciton is created in a higher energy level in NPL. A part of its energy
dissipates to the heat-bath, and the exciton relaxes to the lowest energy level. Subsequently, the exciton
annihilates within a short time, resulting in propagating light emission, which is the DP energy
dissipation to the external macroscopic space. This propagating light can be measured in the
macroscopic space by using a conventional measurement instrument.

This paper claims that DP transfer is governed by the dissipation in the measurement process
of [3]. Sections 2 reviews the problems that must be solved for giving theoretical descriptions of DP
creation, transfer, and measurement, and also presents strategies for solving them. Section 3 reviews
the experimental results of DP measurements and indicates that DPs have unique features that do not
follow the conventional on-shell scientific principle. For analyzing these features, Section 4 proposes
a method of introducing the concept of dissipation into the theorical quantum walk (QW) model.
Section 5 describes the theoretical results and compares them with experimental ones. Section 6
presents a summary.

Dressed Photon
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NP
Incident light
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[ | NP, NP, NP,
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Incident light

CallPe--—- P

NPs, NPg, NP, NP, Emitted light

Incident light (d )
Fig. 1 Dressed photon (DP) creation, transfer, and measurement.
(a) DP creation. (b) Bi-directional transfer of DP between two nanometer-sized particles (NPs).
(c) Bi-directional transfer, where the number of NPs in (b) is increased from two to N.

(d) DP measurement.



2. Problems and strategies for solving them

Basic problems in the modern science have to be solved for theoretically describing DP creation,
transfer, and measurement indicated in Fig. 1 in a unified manner. These problems, strategies for
solving them, and the solutions derived so far by novel off-shell scientific methods are summarized as
follows:
[1] Creation: Since the DP creation in Fig. 1(a) originates from the light-matter interaction in a
microscopic space, a spacelike momentum field must be introduced into the electromagnetic field
theory. Although conventional on-shell science has never succeeded in doing so, off-shell science has
recently succeeded in drawing physical pictures of the creation process. These successful pictures are
[4,5]:
(1) A microscopic material field (a timelike momentum field) interacts with a vector boson field.
(2) In addition to a stable pair of Majorana fermions (a spacelike momentum field), an unstable pair
consisting of a Majorana particle and anti-particle (timelike momentum fields) is created (pair creation).
(3) Although this unstable pair annihilates within a short time duration (pair annihilation), a novel light
field (a timelike momentum field) remains at the microscopic material. This is the DP.
[2] Transfer: Since DP transfer is a dynamic process in a microscopic complex system, the concept of
interaction between NPs via exchange of a DP must be introduced into the theoretical model, and the
position of the DP must be identified (Figs. 1(b) and (c)). Recent studies have found that a QW is a
promising theoretical model for this introduction and identification [6-11]. This is because the principle
of the QW and the nature of the DP have at least two common features:
(a) Nonreciprocity: A mathematical formulation of the QW uses nonreciprocal algebra that is
composed of vectors and matrices. On the other hand, as has been described in [1] above, the DP is a
field that originates from the interaction between NPs. Since the interaction is a typical nonreciprocal
physical process, the QW and DP have a common feature, represented by nonreciprocity. This allows
the QW to describe the interaction and the bi-directional DP transfer.
(b) Site: The QW deals with the phenomenon of the energy transfer from one site to its neighbor. On
the other hand, since the DP is spatially localized”, its quantum mechanical position operator can be
defined. Thus, in the case where the site of the QW is the NP on which the DP is created, the position
of the DP can be identified as the position of this site.
[3] Measurement: The DP transfer in Figs. 1(b) and (c) can neither be monitored nor measured in a
macroscopic space because it occurs only in a microscopic space. For measurement, the DP energy
must be delivered from the microscopic to the macroscopic space via energy dissipation (Fig. 1(d)).
By introducing this dissipation into QW theory, it is transformed from unitary to non-unitary. The
dissipation at the NPss in a microscopic space plays a leading role in this delivery. The main purpose
of this paper is to describe this role.

Table 1 summarizes the reviews [1] - [3] above. The concepts and strategies in this table are

correlated among [1] - [3].



Table 1 Concepts required for describing the DP creation/transfer/measurement and strategies for description

[1] Creation

[2] Transfer

[3] Measurement

Phenomena and

Light-matter interaction in

Dynamic behavior of a

Energy transfer from

spaces a microscopic space complex system in a microscopic to macroscopic
microscopic space space
Concepts Interaction Nonreciprocity and sites Dissipation
Strategies Introducing the spacelike Using a unitary QW model | Using a non-unitary QW model

momentum field

(*) The theory of DP creation teaches that the spin of the electric DP is zero [4,5], which has also been experimentally

confirmed. Such a zero-spin field is spatially localized, as indicated by Wightman's theorem [12].

3. Experimental results

This section reviews the experimental results in Fig. 1(d) [2]. As is schematically explained by Fig.
2(a), the experiments used a three-dimensional arrangement of a large number of small NPs (NPss)
dispersed in a box-shaped template. A large NP (NPr) is placed on the top of this box and is used as an
output port [13]. Since the semiconductor CdSe NP used for the experiments absorbs some amount of
the light power, the DP energy dissipates and decreases by repeating the DP transfer between adjacent
NPs. Thus, the propagating light power emitted from NPL decreases by increasing the number of NPss
that are dispersed between the input and output ports (by increasing the direct distance L between

these ports). The rate of the decrease due to the internal dissipation above is formulated as
exp(—a,,,x), where a, isthe absorption coefficient and X is the optical path length.

Figure 2(b) shows the experimental results. The heights H of the template boxes of the
specimens A—C were 10 nm, 20 nm, and 50 nm, respectively. They are proportional to the number N_

of NPss that were vertically piled up. This figure shows the relation between the direct distance L
and the light power emitted from NP.. Broken lines represent the exponential functions fitted to the

measured values. Since the output light power, normalized to the input power, is the transmittance 77,

this function is expressed as T = exp(—L / LO) , where L, is named the attainable distance.
Figure 2(c) shows the relations between H and L, for the specimens A—C. They indicate a

monotonic increase in L, with an increase in H . Since the NPss in the template box enable the

formation of a longer path for the DP transfer by increasing H, decreases in the emitted light power
are expected by this increase due to the increase in the amount of internal dissipation over the full
4



length of the path. However, the monotonic increase in Fig. 2(c) is contrary to this expectation. These
unexpected results imply the intrinsic off-shell scientific features. They are: The DP selects a path that
minimizes the decreases in the emitted light power. In other words, the DP autonomously finds the
path so that it delivers the highest energy to the macroscopic system. This path is not necessarily the
shortest of all the geometrically feasible paths in the box. That is, the principle for the path selection

is different from the that of the on-shell scientific principle of least action.

Emitted light

100 [

)

10

Light power (a.u.)

102

Fig. 2 Bi-directional DP transfer in a large number of small NPs (NPss) and propagating light emitted from the large NP
(NPy).

(a) Schematic explanation of box-shaped arrangement. A semiconductor CuCl was used as the NP material.

(b) Measured relation between the direct distance L and the output light power emitted from NP.. The heights H of

the three-dimensional arrangements of NPss of the specimens A-C were 10 nm, 20 nm, and 50 nm, respectively. Broken

lines represent the exponential functions exp (—L /'L, ) fitted to the measured values, where [, is the attainable distance.

(c) Relation between H and [, for the specimens A—C.

4. Theoretical model

Noting that interaction and dissipation are indispensable for describing the unique features of the DP
[14], the QW has been used as a promising theoretical model for analyzing the DP transfer ([2] in
Section 2) [6-10]. The contribution of dissipation was added to this model for deriving the probability
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of the dressed-photon—phonon (DPP) created at the B atom-pair in a silicon (Si) crystal [11]. This
section reviews the formulation of this model by starting from the case without energy dissipation.
By using of the light incident to the lower side of a two-dimensional lattice assumed for this
model, a DP is created at each site in this lattice and travels in the upper or lower directions. During
these travels, the DP repeats hopping from a site in the lattice to its nearest-neighbor site. The phonon
does not hop due to its nonlocalized nature. Since the DPP is created as a result of coupling between

two counter-travelling DPs and a phonon, a three-dimensional vector

Yops+
‘/7t,(x,y) = yDP— (1)

yPhonon £,(x,)

is used to represent its creation probability amplitude, where [ ] is the vector at time ¢ and at the

position (X,)) of the lattice site, y,,, and y,, are the creation probability amplitudes of the

DPs that travel by repeating the hopping in the upper or lower directions, respectively, and ¥ p;,0,.0n

is that of the phonon.
For representing spatial-temporal evolution equations for the DPP that hops out from the site,
the vectors

yDP+—>
[‘ﬁt,(x,y)(—)} =| Vor- (2a)

yPhonon t(x,y)

and

Yppit
(7o |=] Yoo (2b)

yPhonon £,(x,y)

are used. In eq. (2a), the vector l/_it,(x,y)(—) represents the DPP, hopping out from the site, which is

composed of two DPs (y,p, , and y,,_. that hop along the +x axes) and a phonon (y,,,,,,) at

time 7. In eq. (2b), the vector w, represents the DPP, which is composed of two DPs (y,,.»

(x»)T

and y ., thathop alongthe +) axes)and aphonon (yp,,,,)-
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By using eqs. (2a) and (2b), the spatial-temporal evolution equation for the DPP is represented

by
5| {[0] U} (7 s 5
t(x,y) T - - _ 5
[‘/’w,yn} vl [‘/’z—w,yn}
where
e, J
U=|J ¢ gy 4)
X X &
and
0 0 0
[O]E 0 0 O (5)
0 00

In eq. (4), U 1is a unitary matrix whose diagonal elements &, and &_ are the eigen-energies of

the DPs (y,p. and y,, ), respectively, and &, is that of the phonon. Off-diagonal elements J

and y represent the DP hopping energy and the DP-phonon coupling energy, respectively.

Next, the energy dissipation is introduced into this model [11]: The vector of eq. (1) is replaced

by a four-dimensional vector

Yop+

—~ Yop-
Vo = or . (6)

y Phonon

y dis

1,(x,y)

The fourth line y, represents the creation probability amplitude of the DPP dissipated from the

lattice. The spatial-temporal evolution equation is represented by



[ e ] [0] 1=U [0] || [7'1iemes ]
1/7 't,(x,y) = I:l/7 'l,(x,y)$ :I = 1= K2 U [O] [K] I:!/_} 't—l,(x,yn ] : (7)

(7" s | [0] <] O] [ ]

Vo e dis Vo (ey).dis
The third line of the left-hand side vector corresponds to the dissipated DPP

Ypp+.dis
-0 —
[l// t,(x,y),dis] = yDP—,dis . (8)

yPh(mon t,(x,y)

The first and second lines (y,p, 4 and y,,_ ) in €q. (8) represent the dissipated DPs that travel

along the upper or lower directions in the lattice, respectively. Their sources are y,,, and y,, in
eq. (6), respectively.
The quantity x in the matrix

[]= ©)

S O A
S AR OO
oS o O

on the right-hand side of eq. (7) is a phenomenologically introduced dissipation constant (O <K< 1).

As aresult of introducing the matrix of eq. (9) into eq. (7), the coefficient matrix on the right-hand side

of eq. (7) is transformed from unitary to non-unitary. The DPP energy stored in the lattice decreases as

a result of the dissipation. The quantity ~1—x° represents the magnitude of the energy left in the

lattice after dissipation.
Numerical calculations derived the values of the creation probabilities of DPP at the B atom-
pairs in Si-light emitting devices and the light power emitted from the Si crystal to the external

macroscopic space [11]. The calculated results agreed well with the experimental results. The

remarkable finding revealed by these calculations is that there exists an optimum value &, (=0.2) of

the dissipation constant x that maximizes the emitted light power, as is shown in Fig. 3.



The results shown in Fig. 3 give a clue for analyzing the intrinsic features of the experimental

results of Fig. 2(d) when the B atom-pair in a Si crystal is replaced by NPs: After this replacement, the

dissipation constant x is given by the sum (x =k, +x,,) of the internal dissipation constant
K, (= Na,,) atall the NPs (N : number of NPss in the box) and the dissipation constant «x,, at the
output port NPr . Since N is the product of the numbers N,, N,, N_ of the NPs along the x-,
y-, and z-axes in the box and the height H is proportional to N _, it is easily found that x is
proportional to A . This proportional relation implies that there exists an optimum value H_ , of H

that maximizes the value of L, in Fig. 2(c).

1.0

Creation probability (a.u.)

Fig. 3 Relation between the dissipation constant x and the DPP creation probability at the B atom-pair.
5. Comparison with experimental results

Figures 4(a) and (b) are copies of Figs. 2(c) and 3, respectively. A comparison between them indicates

that the monotonically increasing experimental values in Fig. 4(a) correspond to the calculated values

in the area A (H < H ) in Fig. 4(b). This correspondence also indicates that the value of L, takes

the maximum at H = H , (the optimum path) and subsequently decreases with increasing H (the

area B). This means that the optimum transfer path above is autonomously determined, resulting in

minimizing the decreases in the emitted light power. For this path, the internal dissipation constant

9



k, (= Nea,,) plays a leading role ([3] in Section 2) because the optimum path is realized by

optimizing the constant x to «,, . Furthermore, since the value of H , is finite, the optimum path

is composed of a finite number of NPss. Finally, it is claimed that the features of the optimum path are
intrinsic to off-shell science. In other words, this path is governed not by the on-shell scientific
principle of least action but by the off-shell scientific principle of so-called largest output signal.

Future problems include how to describe H , in the formula and to identify the origin of

the phenomenological dissipation constant « .

Hopt
N
b 55 = N,
s °f |
'\ > Al B

e 100 = L
3 cll B4/
1 = i
=1 o i .
.\B 8 2 i
OhﬁﬁlA :E i

0 I = 0 ! l

0 20 40 60 o 0 Z 05 10
H (nm) opt_o'z

Fig. 4 Copies of Figs. 2(c) and 3 for comparing experimental and calculated results.

(a) Copy of Fig. 2(c). (b) Copy of Fig. 3.

6. Summary

This paper claimed that an optimum dissipation constant of DPP energy exists and that the transfer
path with such optimum dissipation is autonomously determined to minimize the decreases in the
emitted light power. In other words, this determination is governed not by the on-shell scientific
principle of least action but by the off-shell scientific principle of largest output signal. These claims
imply that there exists an optimum size of the three-dimensional arrangement of the NPs when it is

applied to fabricate a novel nanometer-sized optical device. Future problems include how to describe

H_, informula and to identify the origin of the dissipation constant .
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Abstract

First, the principles of size-dependent resonance, bi-directional energy transfer, and subsequent energy dissipation are
reviewed. Second, experimental results on energy transfer, dissipation, and light emission from multiple three-
dimensionally arranged nanometer-sized particles are presented. These results imply that the dressed-photon (DP) energy
transfers through a unique path via which the emitted light power takes the maximum value. Third, the results of
preliminary numerical calculations carried out by using a random walk model are presented. These results show that there
are serious problems originating from the principle of on-shell science assumed in the calculations. In order to solve these
problems, a quantum walk is presented as a promising off-shell scientific model. Finally, it is suggested that the unique

path above can be found by improving this quantum walk model.

1. Introduction

Extensive experimental studies on dressed photons (DPs) have found a large number of novel
phenomena that originate from the unique nature of DP energy transfer and dissipation. They have
been applied to realize innovative technologies [1]. These phenomena are totally different from those
that have been popularly known in the field of conventional on-shell science. This paper reviews these
phenomena and evaluates them from the viewpoint of novel off-shell science that is complimentary to
the on-shell science [2]. After a review of experimental results in Sections 2 and 3, Section 4 introduces
the result of preliminary numerical calculations for analyzing the experimental results. The results
indicate that these calculations have serious problems, and numerical calculations based on an oft-
shell scientific quantum walk (QW) model are promising to solve these problems. Based on this unique
off-shell scientific model, Section 5 presents a DP energy transfer path that can be possibly used to
solve them. Section 6 presents a summary.

2. Energy transfer and dissipation of the dressed photon



This section reviews the mechanisms of DP creation, its energy transfer, and subsequent dissipation

for measurements.
2.1 Creation and transfer

A DP is created on a microscopic material surface by the interaction between a light field and a
microscopic material field. The DP creation process is described by the following three steps [3,4]:
(1) A microscopic material field (a timelike momentum field) interacts with a vector boson field".

(2) In addition to a stable pair of the Majorana fermions (a spacelike momentum field)", an unstable
pair consisting of a Majorana particle and anti-particle (timelike momentum fields) is created (pair
creation).

(3) Although this unstable pair annihilates within a short time duration (pair annihilation), a novel light
field (a timelike momentum field) remains at the microscopic material. This is the DP.

In the case where the spins of the particle and anti-particle in (2) are anti-parallel, an electric
DP (with spin 0) is created. When they are parallel, on the other hand, a magnetic DP (with spin 1) is
created. The creation of these DPs has been experimentally confirmed [3-5].

A simple example of the microscopic material above is a nanometer-sized particle (NP) (Fig.
1(a)). That is, a DP is created on this NP by light irradiation. More realistic examples are the tip of a
fiber probe, a bump on a rough material surface, and an impurity atom in a material.

If the second NP (NP») is placed in close proximity to the first NP (NP1) (Fig. 1(b)), the energy
of the DP on NP; transfers to NP> when the separation between the two NPs is shorter than the size of
the NPs (a tunneling effect) because the spatial extent of the DP is equivalent to the size of the NP, as
has been formulated by a Yukawa function [3, 4]. This transfer most probably occurs when the sizes
of the two NPs are equal, which has been called size-dependent resonance [6]. This resonance can be
interpreted as the resonance between the quantized energy levels of excitons in the NPs because the
value of the quantized energy of the exciton is inversely proportional to the size of the NP?. Here, it
should be noted that this transfer is bi-directional between these NPs, which represents the interaction

between the two NPs by exchanging a DP.

Dressed Photon Dressed Photon
) ka9
! -
pe P
‘{ {
‘I‘I
NP NP, NP,
Incident light Incident light
(a) (b)

Fig. 1 Creation of DP on a nanometer-sized particle (NP) and its energy transfer.

(a) Creation. (b) Energy transfer.
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1) This vector boson field is a spacelike momentum field that is indispensable for representing light—matter interaction.
Theoretical studies have proved the existence of this field based on the concept of Clebsch dual representation. These
studies have also successfully described that the spacelike momentum field for a classical electromagnetic field is created
from condensed boson fields in a microscopic space that is composed of a pair of quantum mechanical Majorana fields
(two Majorana fermions). The components of this pair are four-dimensionally orthogonal with each other. For reference,
the Clebsch dual representation above uses a pair of scalar parameters (/1, ¢) , that has been introduced to represent the
Hamiltonian structure with respect to the isentropic motion of an ideal fluid.

2) Since the DP is a photon—exciton coupled field, this phenomenon should be evaluated by the resonance between the DP
on NP; and that on NP, instead of the resonance between the exciton energies. However, since the quantized energy of the
DP is inversely proportional to the size of the NP [3, 4], the present interpretation is valid also for the quantized energy of

the DP.

2.2 Dissipation for measurement

The DP energy transfer in Subsection 2.1 cannot be measured in macroscopic space because it occurs
only in the microscopic space composed of the two NPs. For measurement, the DP energy must be
dissipated from the microscopic to the macroscopic space. Figure 2 shows a method for inducing such
dissipation, in which NP> in Fig. 1(b) is replaced by a larger NP (NPv) [7]. In order to utilize the size-
dependent resonance, the sizes of the two NPs are adjusted so that the lowest quantized energy Esi of
the smaller NP (NPs) is tuned to the second-lowest quantized energy Ei» of NPL. By this adjustment,
annihilation of the exciton with energy Esi in the smaller NPs creates the DP that efficiently transfers
to NP, resulting in the efficient creation of an exciton with energy Ei> in NPL. This exciton rapidly
relaxes from the second quantized energy level (£12) to the lowest level (Er1) of NPL. By this relaxation,
a small amount of excess energy E12 — Ev1 dissipates to the macroscopic heat bath in which these NPs
are buried. After this relaxation, the exciton in NPy rapidly annihilates and emits a photon. That is, the
energy Ev1 dissipates to the macroscopic space in the form of propagating light that can be measured.

Dressed Photon
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' § S1 L2 §
2 w— £, 2
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c o

L2 Emitted light . 2
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Incident light

Fig. 2 DP energy dissipation.

NPs and NPy are smaller and larger NPs, respectively.

Black squares in Fig. 3 represent the measured values of the temporal variation of the optical
power that was emitted from NPL by pulsed light irradiation. A semiconductor (CuCl) was used as the



NP material. Curve A represents the exponential function exp(—t/ z'fl) (z,,: decay time constant)

fitted to the measured values of the short-time range (0<7<2 ns) immediately after pulsed light
irradiation [8]. This short-time variation represents an off-shell scientific fast DP energy transfer that

should be described by a quantum walk (QW) model. Curve B represents a slow exponential function
exp (—1 [t/ I ) (7,,: decay time constant) fitted to the measured values of the longer-time range. The

quantity in this function Ji represents an on-shell scientific thermal relaxation phenomenon that can

be described by a random walk (RW) model. For reference, similar temporal variation behaviors of

CdSe NPs have been also measured [9].
~ 10°

10

Light power (a.u

0 2 4 6 8 10
Time (ns)

Fig. 3 Temporal variation of the optical power emitted from NPy, by pulsed right irradiation.

A semiconductor (CuCl) was used as the NP material. Curves A and B are the exponential functions

exp(—t /T fl) and exp(—1 It/z,, ) , Tespectively.

Even when increasing the number of NPs in Fig.1(b) from two to N (Fig. 4), bi-directional
transfer of the DP energy in these NPs is also possible. Size-dependent resonance is also used here to
maximize the efficiency of the DP energy transfer by using NPs of the same size. Figure 5 shows that
a larger NP (NPL) is placed at the end of the array of NPss, as is the case of Fig. 2. After the DP energy
reaches NPL by repetitive bi-directional energy transfers between the adjacent NPss, the DP energy is

dissipated from NPy to the macroscopic space in the form of propagating light which can be measured.

' O ulo-——-@
NP, NP, NP,

Incident light

Fig. 4 Bi-directional transfer of the DP energy through linear array of NPss (NP;—NPy).
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Fig. 5 DP energy dissipation.
NPs;—NPsy correspond to NP;—NPy in Fig. 4. NPy is a larger NP.

By changing the number of NPs and by modifying their spatial layout as in Fig. 5, novel devices
such as an optical switch [7], an optical nano-fountain (a super-resolution convex lens) [10], and an
amoeba-inspired computing device [11] have been fabricated and their operations have been
demonstrated. In the optical nano-fountain, a single NPy is surrounded by multiple NPss. Experiments
on this device have confirmed that the efficiency of the DP energy dissipation from NPL to the
macroscopic space took a maximum when N=3. Preliminary numerical calculations have shown that
it took a maximum when N=4, which nearly agreed with the experimental results above [12, 13].
Furthermore, these preliminary calculations have shown that the efficiency of this energy dissipation
was higher when several paths of the energy transfer from the multiple NPss to NPL were cut off [13].

However, it should be pointed out that these preliminary numerical calculations have serious
problems: They have dealt only with the uni-directional DP energy transfer by using a random walk
(RW) model. That is, they are based on the principles of on-shell science. Furthermore, they required
complicated fine adjustments of the values of relevant physical quantities in order to make the
calculated results agree with the experimental values.

These problems originated from the nature of on-shell science, which did not deal with the
interactions between the NPs mediated by DPs, and thus, neglected the bi-directional DP energy
transfer.

3. Experimental results for three-dimensionally arranged nanometer-sized particles

This section discusses the DP energy transfer and dissipation when a large number of small NPs (NPss)

are arranged in box-shaped and channel-shaped templates.
3-1 Box-shaped template

Figure 6(a) schematically explains a large number of small NPs (NPss) that were arranged in a box-
shaped template. A large NP (NPL) is arranged on the top of this box [14]. The size-dependent
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resonance is also used here, as is the case in Fig. 5. Since the CdSe NPs used for the experiments
absorb some amount of the light power, the DP energy may decrease by repeating the DP energy
transfer between adjacent NPs. Thus, the propagating light power emitted from NP.. may decrease by
increasing the number of NPss arranged between the input and output ports (by increasing the direct

distance L between these ports). For reference, in on-shell science, the rate of the decrease is

formulated as exp(-a,, x), where «,, isthe absorption coefficientand X is the optical path length.
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Fig. 6 Bi-directional DP energy transfer and dissipation in a large number of smaller-sized NPs (NPss).
(a) Schematic explanation of the box-shaped arrangement. A semiconductor CuCl was used as the NP material.
(b) Near-field optical microscopic images of the DP energy transfer from NPss to NP.. The heights H of the three-
dimensional arrangements of NPss of the specimens A-C were 10 nm, 20 nm, and 50 nm,
respectively.
(c) Measured relation between the direct distance L and the output light power emitted from NPy for the specimens A -

C. Broken lines represent the exponential functions exp(—L/ LO) fitted to the measured values, where [ is the

attainable distance.

(d) Relation between H and [, for the specimens A-C.

However, the acquired experimental results, shown by Fig. 6(b), show the opposite features,
as demonstrated by Fig. 6(c). Figure 6(c) shows the relation between the direct distance L and the
output light power emitted from NPr, where the heights H of the boxes of the specimens A—C were
10 nm, 20 nm, and 50 nm, respectively. They were proportional to the number N_ of NPss that were
vertically piled up. Broken lines in this figure represent the exponential functions fitted to the measured

values. Since the output light power, normalized to the input power, corresponds to the transmittance
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T , this function is expressed as T = exp(—L / LO) , where L, is named the attainable distance. Figure

6(d) shows the relations between H and L, for the specimens A-C. They clearly indicate an
increase in [, with an increase of H, which is opposite to the decreasing feature in the on-shell
scientific model described above.

Since the box-shaped arrangements of NPss enables the formation of a longer path for the DP
energy transfer by increasing H , monotonic decreases in the light power are expected by this increase,
due to the increase in the amount of optical absorption over the full length of the path. However, the
experimental results in Fig. 6(d) are contrary to this expectation. These unexpected results imply the
following feature of the off-shell science:

[Feature 1] The DP selects a bi-directional path for maximizing the output light power. In other words,
the DP chooses the path to contribute it energy most efficiently to the macroscopic system.

This path is not necessarily the shortest, as is schematically explained by Fig. 7(a). That is,

the criterion for the path selection is different from that of the on-shell science in Fig. 7(b).

Emitted light

Incident Iight( O — —_—
) Incident light Emitted light
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D, K

(a) (b)
Fig. 7 Comparison between energy transfers of DP and conventional propagating light.
(a) DP energy transfer in a microscopic system (Fig. 6: off-shell science). NPs are smaller than 50 nm (smaller than the
optical wavelength of about 1 um). The size of the volume of the three-dimensionally arranged NPs is smaller than several
pm, that is about 1/1,000th the material in (b).

(b) Energy transfer of the propagating light through a macroscopic system (optical wavelength of about 1um: on-shell

science). The optical path lengths D, and D, through the macroscopic materials are larger than several um to several

mm. In the case where D, > D, , the transmittances of these materials satisfy the relation 7, > T,.

For reference, it should be pointed out that experiments have confirmed that the attainable
distance L, was insensitive to the fluctuations of the separation between the adjacent NPss [14]. This
implies that accurate separation control is not required, which is advantageous when experimentally
arranging a large number of NPs. Such a technical tolerance is also a unique feature of the off-shell

science.



3.2 Channel-shaped template

Two pairs of CdSe NPs, consisting of NPs and NP, were used [15]. Figure 8(a) illustrates these pairs,
indicated as NPs; and NPy, and NPs> and NPy, respectively, for which the size-dependent resonance
holds. On the other hand, the size-dependent resonance does not hold between NPs; and NPr», and
also between NPs> and NPy ;.
These multiple NPs were arranged in channel-shaped templates, named as Csi, Cr1, Cs2, and

Cr2 in Fig. 8(a). Figure 8(b) shows an atomic force microscope image of the area surrounded by the
red square in Fig. 8(a). By irradiating light to the end of the channel Csi, the DP energy created on
NPs;s at this end transfers bi-directionally through this channel and arrives at NPp in the intersection
with the channel Cri. Subsequently, the DP energy transfers through the channel Cp1 due to the size-
dependent resonance. If the DP in channel Csi does not meet NPy in this intersection, it continues
passing through the channel Cs;. Figure 8(c) shows a fluorescence microscope image of this transfer.
The DP energy transfer from channel Cs; to Cr1 shows two unique features:
[Feature 2]

(2-1) DP energy can transfer even though the channels Cs; and Cy; cross at right angles.

(2-2) The channels Cs; and Cr» do not show any crosstalk of DP energy transfer.

NPg, - NPg; -

B N

NP, -

Cs1 - 52 -
2 11
NP, Cp -
o0 9 @
o“o' 0@ ?Si 00&0 o »
s 328

(a)
Fig. 8 Two pairs of NPs and their channel-shaped arrangements.

(a) Two pairs [NPs; and NPy;] and [NPs; and NPy ] and their channels Cs;, Cpi, Csz, and Cyo.

(b) and (c) are atomic force microscope and fluorescence microscope images in the red square in (a), respectively.

Feature (2-2) indicates that the DP energy in channel Csi does not transfer to NPr» at the
intersection with Cpo. This is because of the absence of size-dependent resonance between NPs; and
NPr2. Channels Csz and Cr1 do not show any crosstalk either. The two features (2-1) and (2-2) above
are schematically explained by Fig. 9(a), which imply the unique nature of the off-shell science. The
DP energy transfer from Cs; to Ci» also has [Feature 2]. For comparison, in the case of the on-shell
science in Fig. 9(b), the propagating light is scattered at the bends of a macroscopic optical waveguide
or an optical fiber. No more stable propagation is expected downstream in the channel. Furthermore,

light leaks from one waveguide to the adjacent one when the separation between their linearly aligned
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sections is short, which results in large crosstalk.

Based on the oft-shell scientific features above, an optical switch has been proposed which has a
slightly different structure from the one presented at the end of Section 2 [16]. This device has been
used to assemble a system for solving a multi-armed bandit problem [17].

% ow

Scattering
SO s
Crosstalk
848 248 Nocrosstalk \>_< /
Bt 328 RARNES

(a) (b)

Fig. 9 Comparison between energy transfers of DP and conventional propagating light.
(a) DP energy transfer (double-pointed arrows) in a microscopic system (Fig. 8: off-shell science). NPs are smaller than 50
nm (smaller than the optical wavelength of about 1um). The size of the volume of the channels for NPs is smaller than
several um, that is about 1/1,000th the devices in (b).
(b) Energy transfer of the propagating light (single-pointed arrows) through a macroscopic optical waveguide or an optical

fiber (larger than the optical wavelength of about 1 um: on-shell science).

4. Present status of numerical calculations and their problems

Preliminary numerical calculations have been carried out for the DP energy transfer among multiple
NPs, as described in Subsection 3.1. The dependence of the attainable distance L, onthe number N
of NPs (Fig. 6(d)) has been analyzed by using the on-shell scientific method [18]. A random walk (RW)
model was used by assuming that the DP energy transfer time was inversely proportional to the Yukawa
function.

Although these calculations have derived the shortest percolation path [18], they had at least
the two serious problems:



(1) The calculated quantity was not the creation probability of the DP but that of the exciton only.
(2) The calculation assumed a uni-directional exciton transfer ("excitation transfer" in ref. [18]), not
bi-directional.

These problems originated from the principle of the on-shell science. That is, the on-shell
science cannot derive the DP creation probability because it does not deal with the interaction. In order
to solve these problems, the off-shell science is indispensable because it deals with the interaction, the
creation probability of the DP, and its bi-directional transfer. Furthermore, it is expected that the oftf-
shell science properly describes [Feature 1] and [Feature 2] in Subsections 3.1 and 3.2.

Furthermore, it is expected that the off-shell science can find a variety of natural phenomena
that are similar to those in Section 3. It has preliminarily described these phenomena by using the terms
such as autonomy and hierarchy [19]. With further progress, it is expected that a universal oft-shell
science will be established to analyze a variety of natural phenomena, including biological ones.

The interactions above have been dealt with by using an off-shell scientific quantum walk
(QW) model that followed the suggestion given by the curve A in Fig. 3. It should be pointed out that
the principles of the QW model and the nature of the DP have at least two common features:

(A) Nonreciprocity: Mathematical formulation of the QW uses nonreciprocal algebra composed of
vectors and matrices. On the other hand, the DP is a field that mediates the interaction between NPs.
Since the interaction is a typical nonreciprocal physical process, the QW and DP have a common
feature, represented by nonreciprocity. This allows the QW model to describe the interaction and the
bi-directional transfer of the DP energy.

(B) Site: The QW deals with the phenomenon of the energy transfer from one site to its neighbor. On
the other hand, since the DP is spatially localized®, its quantum mechanical position operator can be
defined. Thus, in the case where the site of the QW is the NP on which the DP is created, the position
of the DP is equivalent to that of the site of the QW.

Based on these common features, the QW model has been used for numerical calculations of
the following two subjects (a) and (b):

(a) Energy transfer of DPP* through a fiber probe [21]: Multiple atoms in the fiber probe and the atom
at its apex corresponded to NPss and NPL in Fig. 5, respectively. Numerical calculations have
successfully analyzed the dependence of the DPP creation probability at the apex on the profile of the
fiber profile and on the magnitude of the DPP reflection at the slanted face of the fiber probe.

(b) DPP creation probability at a boron (B) atom-pair in a silicon (Si) crystal [22-24]: Multiple Si
atoms and a few B atom-pairs corresponded to NPss and NPy, respectively. The DPP energy dissipates
from the B atom-pair to emit photons to the outer macroscopic space. Numerical calculations have
successfully analyzed the dependences of the DPP creation probability on the length and orientation
of the B atom-pair. Furthermore, the photon breeding nature has also been successfully analyzed.

It has been confirmed that the results of the numerical calculations in (a) and (b) agreed with
experimental results, which implies that the QW model can be used as a powerful tool for analyzing

the nature of off-shell science.
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3) The theory of DP creation teaches that the spin of the electric DP is zero [3,4], which has also been experimentally
confirmed. Such a zero-spin field is spatially localized, as indicated by Wightman's theorem [20].

4) DPP is a dressed-photon--phonon that is created by the coupling between a DP and a phonon.

5) It should be pointed out that such agreement has never been obtained by the on-shell scientific RW model or a wave-

optical model.

5. Off-shell scientific path of DP energy transfer

A two-dimensional QW model for the DPP energy transfer has been built by referring to the two-
dimensional lattice in Fig. 10 [25].
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~. DP to lower-left

~. Phonon

! : - ’
P 8]

Lower-left
DP to upper-right

(c)

Fig. 10 Two-dimensional lattice.
(a) DPs travel to the upper-right and lower-left (red and blue broken arrows, respectively). The bent red and blue arrows
represent the DP hopping from one lattice site to its neighbor, which repeats for these travels. The areas around the lattice

sites A and B in (a) are magnified and shown in (b) and (c), respectively. The green loop represents a phonon.

For the following discussions, the magnitude and the direction of the input signal to the lattice

are represented by a two-dimensional vector Kin. Those of the output signal are represented by a

vector K

out ?

which is emitted from the site (sink) as the result of energy dissipation. Furthermore,
those of the DPP energy transfer from site i to its neighbor site in the lattice are represented by a

vector k.

The energy conservation law requires the relation
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Kin-i_z];i :kout’ (1)
to hold, where Zlgl represents the sum of the transferred DPP energy at all the sites in the lattice and

is composed of the energies transferred toward the upper-right and lower-left directions in Fig. 10.
These two directions correspond to the bi-directional energy transfer of the DPP that originates from
the interaction, described in (A) in Section 4.

As a representative oft-shell scientific experimental phenomenon, photon breeding generates
the output signal IZOM that is equal to the input signal K . [22-24]. This means that photon breeding

realizes a transmittance 7" as high as 100 %, which indicates [Feature 1] in Subsection 3.1. This can

be realized if Z/gl =0 1in eq. (1) holds, which is possible by optimally adding the paths of bi-

directional transfer towards the upper-right and lower-left directions above. That is, the optimal

vectorial sum of the red and blue arrows in Fig. 10 can form a closed loop to realize Zl% =0.1It

should be pointed out that such perfect transmission corresponds to the QW nature of comfortability
[26].
Since the number of paths is finite in an actual two-dimensional lattice due to its finite number

of'sites, a path with Z k. =0 may not exist. However, by increasing the number of sites, it is expected
i

that the value of Zlgl can gradually decrease and, finally, converge to zero. The possibility of this

convergence has been indicated by the experimental results of Fig. 6(d), which demonstrated the
increase in the attainable distance L, with the increase in the height H . In short, the DPP may

transfer through the path with ZEI =0, as is schematically explained by Fig. 11(a), not through the

shortest path given by the on-shell scientific model of Fig. 11(b).
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Emitted light

Incident light

Shortest path

Praron Emitted light

(a) (b)

Fig. 11 Comparison between the paths of energy transfers of a DP and conventional propagating light.
(a) Energy transfers of the DP in the systems in Fig. 7(a). (b) Energy transfer of the propagating light through the

macroscopic systems in Figs. 7(b).

6. Summary

The first part of this paper reviewed the principles of size-dependent resonance, bi-directional energy
transfer, and subsequent energy dissipation. The second part presented experimental results on energy
transfer, dissipation, and light emission from multiple three-dimensionally arranged NPs. These results
implied that the DP energy transferred not through the shortest path but through a unique path via
which the emitted light power took the maximum value. The third part reviewed the results of
preliminary numerical calculations by using a random walk model. The calculations had serious
problems that originated from the principle of the on-shell science used in the model. In order to solve
these problems, it was pointed out that numerical calculations using a quantum walk model based on
the principle of off-shell science was promising. Finally, it was suggested that the unique path above

can be found by further improvements of this quantum walk model.
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A lucid interpretation of the longstanding hierarchy problem is proposed based on the
unconventional model of the universe recently proposed by the authors. Our heuris-
tic cosmological model is developed by considering Penrose and Petit’s original ideas
as the Weyl curvature hypothesis, conformal cyclic cosmology, and the twin universe
model. The uniqueness of our model lies in its incorporation of dark energy and mat-
ter, and its single key parameter, adjusted by observational data, is the radius (Rgg)
of a four-dimensional (4D) hypersphere called de Sitter space. We presuppose that our
4D universe originated from the spontaneous conformal symmetry (SCS) breaking of a
light field with a null distance. We show that in this SCS breaking state, the energy—
momentum tensor of the space-like electromagnetic field, whose existence is inevitable
for quantum electromagnetic field interactions (Greenberg—Robinson theorem), becomes
isomorphic to the divergence-free Einstein tensor in the general theory of relativity. Fur-
thermore, we reveal the R;s dependency of the 4D gravitational field. Based on these
findings, we show an intriguing relation between the magnitude of the gravitational cou-
pling constant and Rgg. A solution to the hierarchy problem is derived by assuming
that Rgs depends on the “newly defined cosmological time”.

Keywords: hierarchy problem; coupling constant; dark energy; dark matter; conformal
symmetry breaking, algebraic QFT, micro—macro duality, extra dimension.

1. Introduction

This study aims to shed new light on the unresolved hierarchy problem in
particle physics. The problem stems from the incredible difference existing be-
tween, for instance, the magnitudes of electromagnetic and gravitational cou-
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pling constants. This inspired the investigations of Dirac[1,2], Milne[3], and other
researchers’ [4,5,6,7], wherein they refute the hypothesis on the invariance property
of physical constants, particularly of gravitational constant G. To understand the
problem, the possibility of simultaneous temporal change of all physical constants
was examined first by Troitskii[8] and explored further by Petit[9,10]. At the end of
the 20th century, an entirely different approach to explaining the hierarchy prob-
lem was presented by Randoll and Sundrum|[11], who introduced a notion of warped
extra dimensions based on the brane dynamics in superstring theory. Notably, our
model is distinct from the abovementioned two in the sense that it incorporates
dark energy and matter as crucial components. However, our model inherits im-
portant characteristics from those preceding researches. For instance, it addresses
the “temporal”evolution of the magnitude of the cosmological constant associated
with the extra expansion of the universe in the fifth dimension (D) perpendicular
to our 4D universe.

The elucidation of new ideas is frequently accompanied by the dissemina-
tion of important knowledge. Although such knowledge might be new or old, it
is often not widespread in the relevant community. In our case, we have three
pieces of such important knowledge: two of which, the Greenberg—Robinson (GR)
theorem[12,13] and the micro-macro duality (MMD) theory of Ojima[14,15], are
considered old information, whereas the Clebsch dual space-like electromagnetic
(CDSE) theory[16,17,18] built on the two preceding pieces of knowledge is con-
sidered new knowledge. As demonstrated by the Schrodinger’s cat, the prevailing
understanding of the invisible microscopic quantum world and its connection to
the visible macroscopic world is unsatisfactory. The MMD theory, built on the ba-
sic philosophy of the Araki-Haag—Kastler formulation of the algebraic quantum
field theory (QFT), is an ambitious scheme aiming to provide a solution to the
Schrédinger’s cat problem in quantum physics. Notably, herein, the term “quan-
tum physics” denotes relativistic quantum physics unless otherwise stated.

In the field of quantum physics, the prevailing knowledge is quantum mechan-
ics (QM) with finite degrees of freedom. The knowledge required for this study is
not that on QM but on QFT with infinite degrees of freedom, whose dynamical
behaviors are considerably more complex than those of QM. Moreover, the crucial
difference between QM and QFT lies in the number of sectors, where a sector is
defined as the dynamical domain in which the principle of superposition on the
quantum states holds good. For a QM system, only one sector exists (Stone—von
Neumann theorem[19]), whereas for a system described by QFT, multiple unitarily
inequivalent sectors exist (initially highlighted by van Hove in 1952). Initially, the
abovementioned van Hove phenomena were considered as the pathological charac-
teristics of a QFT-based system with infinite degrees of freedom. However, later,
the existence of such multiple sectors was determined to be the source of dynamical
richness with which the visible macroscopic world can emerge from the invisible
quantum microscopic world.
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Ojima’s MMD theory was developed from the Doplicher-Haag—Roberts (DHR)’s
original sector theory[20,21], which attempted to formulate the QFT based solely on
the maximal set of observables. In addition, Ojima developed the theory further by
generalizing it in such a way that it could cope with the important physical mech-
anism of (spontaneous) symmetry breaking of given quantum fields. Notably, in
the MMD theory, the original sector notion based on irreducible representations is
revised into a generalized one with factor representation. In the revised variant, the
factor representation centers feature attributes of either trivial or nontrivial, corre-
sponding to microquantum or macroclassical factor representations, respectively. In
addition, these generalized sectors are mutually disjoint (separated by the absence
of intertwiners), which is a stronger notion than unitary inequivalence. Thus, the
MMD theory became a comprehensive QFT, which can consistently connect the
quantum world, where the algebra of physical quantities obeys the noncommuta-
tive law, to the classical world, where the corresponding algebra is replaced by the
one with commutative law. Thus, the MMD theory embodies the mathematically
rigorous quantum—classical correspondence. A plain explanation of the essence of
the MMD theory without resorting to sophisticated mathematical representations
has been provided by Sakuma et al.[22].

Clarifying the mechanism of nonlinear field interactions would pose the biggest
dynamical challenge in QFT studies. As is well known, the essential features of Fock
spaces, such as the positive energy spectra in the state vector space generated by
repeated applications of the creation operators on the Fock vacuum |0) (under the
cyclicity assumption), are derived from the following Eq. (1):

o) (20 exp (—ikya”) + at (k) exp (ik, ")), (1)

N d*k .

D)= [ ———lalh)
v/ (2m)32E)

where (af(k), a(l)) and (& and k), respectively, denote a pair of creation-

annihilation operators and of three vectors comprising spatial components of x*

and k,,, with Ej, defined by Ej := 1/ (k)2 4 (mg)2. Although the ¢/ field thus con-

structed embodies the wave-particle duality of a quantum system, the ¢/ field and

the associated 4-momentum p* are, respectively, restricted by the following linear
Klein—Gordon (KG) equation and the on-shell condition of the form

(120”0, + (moc)?]pP) =0,  pup” = (moc)? >0, (2)

where the sign convention of (+, —, —, —) is used for the Lorentzian metric tensor.
Regarding these expressions, however, with the linearity of Eq. (2) overlooked, the
abovementioned characteristic features of Fock spaces are frequently misinterpreted
as the universal structure to be found in interacting multiparticle systems. Accord-
ingly, |0) becomes as mysterious as the creation of everything from emptiness.

In the quest to clarify quantum field interactions, the GR theorem stands as
a noteworthy forerunner. In fact, it provides a clear-cut mathematical criterion
for distinguishing nonlinear quantum field interactions from the time evolution
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of the free modes (¢/)) with the second quantization described in Eq. (1). The
GR theorem states that if the Fourier transform (p(p)) of a given quantum field
(p(x)) does not contain an off-shell space-like momentum (p,,) satisfying p,p” <0,
then o(x) is a generalized free field. We believe that this theorem highlights the
missing factor in the presently incomplete QFT. In the appendix, we provide a
sketchy overview of the theorem derived based on Wightman axioms. In the field of
elementary particle physics, such off-shell quantities are conventionally dismissed
as nonphysical ghosts or extremely short-lived transitory entities. Consequently,
the wide physical science communities have not come to an important research
conclusion on off-shell quantities in general, despite their importance.

In conventional quantum electrodynamics (QED), the longitudinal mode of a
field is eliminated as a nonphysical mode, although, classically, the Coulomb mode
plays an important role in electromagnetic field interactions. This well-known fact
highlights the limitation of the prevailing QED theory in affording a satisfactory
explanation of the consistent connection between the quantum world and classical
one. As the first step to a solution, based on the GR theorem and MMD theory,
the first author successfully extended a free electromagnetic field into a space-like
momentum domain [23]. As this extension was achieved by introducing Clebsch
variables [24] used in the study of the Hamiltonian structure of barotropic fluid,
we call the extended electromagnetic field the Clebsch dual (CD) field. Notably,
energy—momentum tensor of the field assumes the same form as Einstein’s tensor
in the theory of general relativity. Namely, the CD field bears the characteristics
of spacetime itself in the sense of general relativity and can be shown to be a
promising candidate for understanding the enigmatic dark energy field [17]. As the
CD field plays an important role in our discussion of the hierarchy problem, we will
recapitulate its necessary points in Section 2.

As stated at the beginning of this section, we aim to present a novel view of the
hierarchy problem in Section 3. To do that, we think it is inevitable to explore the
different ideas published recently in our series of papers[17,25,26]. Accordingly, con-
sidering that majority of readers would be unfamiliar with those ideas, in Section
2, we provide a bird’s eye view of the grand design of our research. The overview
encompasses all individual aspects necessary in the pursuit of what we call “off-shell
science”, originating from dressed photon (DP) studies in the field of nanophoton-
ics. Thereafter, in Section 4, we highlight an intriguing finding on the meaning of
Maldacena duality[27] in superstring theory, which applies to the early stages of
our new model of the universe. Finally, the summary and conclusions are presented
in Section 5.

2. Overview of our ongoing research on reformulating the
quantum field theory

As stated in the preceding section, one of the focal points of our research on the
extended light field is off-shell quantum fields involving quantum field interactions.
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The existence of off-shell (superluminal wave-) momenta implies, as in the case of
quantum spin entanglement, an instantaneous connectedness of the entire universe.
This naturally leads us to some cosmological problems that are not necessarily
within the scope of this study. As cosmology remains a vast, unknown frontier in
the physical sciences, in dealing with mysterious cosmological problems, we adopt
a simple and effective approach, the Occam’s razor principle.

In line with studying the extended light field, we use a unique hypothesis. The
hypothesis is similar to the conformal cyclic cosmology (CCC) concept proposed
by Penrose[28], whose characteristics were explained in Sakuma and Ojima[25], and
hereinafter, it will be referred to as CCC of the second kind (CCC-2nd). According
to it, as in the case of the creation and annihilation of the matter and antimatter
pair, the twin universes as metric spacetimes are birthed by a certain kind of spon-
taneous conformal symmetry breaking of a light field with null distance (ds* = 0).
The twin universes thus created are divided by an event horizon intrinsically em-
bedded in the de Sitter space structure, caused by the most dominant component
of dark energy. Eons later, the twins meet at the event horizon to return to the orig-
inal light field, and this cycle repeats forever. In our cosmological hypothesis, the
flatness, isotropy, and horizon problems are resolved, respectively, by the observed
existence ratio of dark energy to matter, the Weyl curvature hypothesis proposed
by Penrose[29], and the existence of a superluminous off-shell electromagnetic field.

In this section, we first explain the emergence of a space-like domain known as
de Sitter space mentioned above, which is necessary for quantum field interactions.
The emergence mechanism of the familiar time-like domain to which not only the
classical but also partial quantum fields belong must be quite different from that
of the space-like domain. Second, we provide a clear explanation of the mechanism
based on our new interpretation of conformal gravity.

2.1. Conformal symmetry breaking and emergence of spacetime

Concerning the symmetry breaking of quantum fields, the MMD theory states that
the symmetric space (G/H) studied by Cartan[30], which has various desirable
properties, emerges in the generalized sector classifying space if the symmetry of
a given system, described by a Lie group (G), is broken up into its subgroup,
H, remaining unbroken. A concrete example of this case will be explained in this
subsection concerning the emergence of spacetime, not as a purely mathematical
concept having nothing to do with physics, but as a physical entity. Recall that 4D
spacetime occupies a special position in differential topology. A most notable exam-
ple would be the one highlighted by Donaldson [31]. In the context of our present
research on QFT, the following properties of 4D spacetime are deemed important:
(i) the free Maxwell equation on electromagnetism is scale free only in 4D space-
time and (ii) the Weyl (conformal) curvature can be defined in spacetimes with
dimensions larger than or equal to 4.

If we combine the statement of the MMD theory on an emerging symmetric
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space (G/H) with property (i), i.e., the free Maxwell field that can play the role
of H, then one of the assertions of our cosmological theory (CCC-2nd) proposing
a 4D spacetime theory is restated as follows: the universe as a symmetric space
(G/H) emerges as the conformal symmetry breaking of the H field with H being
an important remaining unbroken subgroup. In our series of papers cited in Section
1, we show how space- and time-like domains of G/H emerge from H. Next, we
briefly recapitulate the main points of those emergence processes, starting from the
simple space-like case.

2.1.1. Emergence of the space-like domain

The energy-momentum tensor (7,”) of the free Maxwell field assumes the form
of T, = Fu, o I with F,, = VuAs — VA, where V,, denotes the covariant
derivative and other notations are conventional. As is well known, this free field is

characterized by a couple of conditions:
F,oF"7 =0 and FyFbs + Foalsy + FozFio = 0. (3)

In extending this null field to the space-like momentum domain, focusing on the
properties of the Riemann curvature tensor (R,gs) and the mixed form of the
Ricci tensor (R,”), as shown below, is quite helpful:

R,@a'yé - _Raﬂyé, RQ’B‘H = _R‘15’757 RW?O[B = Ra,@v& (4)
Rapys + Ravsp + Raspy =0, R,uu = R#UVU- (5)

Here, the first equation in Eq. (5) is called the first Bianchi identity, which is closely
related to the second equation in Eq. (3), namely, the orthogonality of electric and
magnetic fields.

In relativistic fluid dynamics, if the vorticity tensor field (w,) satisfies the
second equation in Eq. (3), then the fluid is classified as a barotropic (isentropic)
fluid (cf. [26]). This observation motivates us to use Clebsch parameterization (CP)
to represent the electromagnetic vector potential (U,) in space-like momentum
domains. We can achieve this because the rotational part of the barotropic fluid
velocity (u,) can be represented by two Clebsch parameters, A and ¢, to give
u, = AV,¢ [24]. Notably, A and ¢ serve as the canonically conjugate variables
for the Hamiltonian structure of the barotropic fluid motions. In our case, the two
gradient vectors, C,, := V,¢ and L, := VA, with the orthogonality condition,
C"L, = 0, provide a dynamical basis on which electric and magnetic fields can be
successfully introduced into the space-like momentum domain.

To understand the meaning of CP, we first explain the light-like case to com-
pare it with the conventional quantization of the light field. In the second part on
the pure space-like case, we will show that the energy—momentum tensor (T#”) in
the extended space-like domain becomes isomorphic to the Einstein tensor in the
theory of general relativity. This will reveal that the extended electromagnetic field
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automatically possesses the property of spacetime through which quantum electro-
magnetic field interactions occur (GR theorem). Namely, this spacetime, including
the light-like case, plays the role of “virtual photons” in the conventional QED.

Light-like case: U”(U,)* = 0, where (-)* denotes the complex conjugate of (+).
For Clebsch variables A and ¢ satisfying

VYV = (k0)’A =0, L,=V,\ V'V,0=0, C)=V,0, (6)
CY(L,)* =0, U, :=\C,, (7)
where (ko) ™! is DP constant lq, ~ 50 nm, determined by Ohtsu[17], we have
v'v,u, =0, Su =v,U0,-Vv,U,=L,C,—L,C,, (8)
T," = S8 = pCuC”, p:=L"(L,)* <0, V,T,” =0. (9)

Notice that T#” has a dual wave (S,,577) and particle (pC,,C") representation.
The latter is consistent with the conventional quantization of QED where this mode
is eliminated from the physically meaningful domain as the particle density (p) in
Eq. (9) becomes negative. As referenced in the introduction, in re-examining the
Nakanishi-Lautrup formalism of the abelian gauge theory, Ojimal[32] highlighted
that the nonparticle form corresponding to (S,,5"7) in our model plays substantial
physical roles, which is consistent with the GR theorem.
Space-like case: U"(U,)* < 0.
In this case, we modify Eq. (6) as follows:

VYV, = (ko)?A =0, V"V,6— (ko)?¢ =0, C”(L,)* =0, (10)
U,:=(AC, —oL,)/2. (11)
By doing so, the associated energy—momentum tensor (TH”) now becomes
v vo 1 v oT
T,” =5.,5" — 39u SerST. (12)

Considering the definition of the Ricci tensor (R,”) in Eq. (5), we see that Eq. (12)
is isomorphic to the Einstein tensor (G, = R,” —g,” R/2).

As Dirac’s equation ((#yY9, + m)¥ = 0) is the square root of the time-like
KG equation ((0¥8, +m?)¥ = 0), the quantum field (¥(,p)) that satisfies the
square root of the space-like KG equation ((9V0, — (k¢)?)¥ = 0) is shown to be
the electrically neutral Majorana fermionic field ({(*yE’M)&, — ko)W = 0}). As
the space-like W,y represents a nonparticle mode, we denote it as the Majorana
fermionic field instead of the Majorana fermion. Owing to Pauli’s exclusion princi-
ple, ¥ (5 with a half-integer spin of 1/2 cannot occupy the same state. A possible
configuration where a couple of ¥(,s)s form a bosonic S, field can be identified
using the Pauli-Lubanski 4-vector (W,,), which describes the spin states of moving
particles.

1
W,u = §€,uu)\chU>\pga (13)
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where €,,,), denotes the 4D totally antisymmetric Levi-Civita tensor, M YA and p°
are angular and linear momenta, respectively. As Eq. (13) is rewritten as

WO 0 M23 M31 M12 pO

Wl B _M23 0 M03 _M02 pl (14)
W2 - _M31 _MOS 0 MOI p2 ’

W3 _M12 M02 _MOl 0 p3

we can see that two different fields, (M* p") and (N*¥, ¢"), which satisfy the
orthogonality condition (p¥q, = 0, corresponding to C¥(L,)* = 0 in Eq. (10)), can
share the same W, and hence combine to form a spin 1 bosonic field, S,,, .

The CDSE field (S,,) has another noteworthy geometric feature, which is par-
ticularly important for its application in cosmology. A plane wave of the form,
¥ = 1), exp [i(k,x")], satisfies the equation of a couple of A and ¢ fields in Eq. (10)
with 8¥1(8,9)* = —(ko)?[the(1bc)*]. Therefore, for vector L,, we have

LY(L,)* = —(ko)*[Me(Ae)*] = const. < 0, (15)

whose structure resembles that of the tangent vector on de Sitter space. Notably,
the importance of this space in the context of spacetime quantization was first noted
by Snyder[33]. A pseudo-hypersphere with radius Rgs embedded in R® is called de
Sitter space, which is represented as

(10)* = (m)* = (12)* = (13)* = (m)* = —(Ras)* = =3(Aas) " (16)

Here, 3(Ags) ™! := (Ras)? is a frequently employed alternative expression of Rys.
Snyder showed that the spacetime (z*) together with the 4-momentum (p,,), defined

as
h n\? Ras\’
Pu = l—n—“, 0<p<3), p'p = <—) [1 - <£> <0, (17)

p T4 Iy T4

can be quantized without breaking Lorentz’s invariance, where [, denotes Planck’s
length. We have already seen that an isomorphism exists between the Einstein
tensor (G,”) and (TM”) in Eq. (12) whose r.h.s. can be quantized with the Majorana
field. Thus, we conjecture that the spacetime quantization scheme of Snyder is
consistent with the quantization of TH”. Eq. (15 and 17) show that L, and p, are
on the submanifold of de Sitter space, parameterized by 14 = const.

As nonlinear electromagnetic field interactions are ubiquitous, the incessant oc-
currence of instantaneous excitation-deexcitation processes in the S, field must
be prevalent in the universe. In such processes, we can show that a unique state
exists, |[M3)4, of S,,,,, which behaves as if it is “the ground state”of S,,,, in the sense
that |M3), is occupied by S, at every moment. To observe this phenomenon,
we consider Eq. (13) again. As the spatial dimension of our spacetime is three, the
maximum number of space-like momentum vectors satisfying the orthogonality con-
dition (10): (p”q, = 0), is also three. That is, for three different sets of (M*, p*),
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(N# g, and (L, r#) with p”q, = 0; p”r, = 0; ¢¥r, = 0, the following unique
spin vector configuration exists:

QW = €uroe M D7 = €,uro N ¢7 = €upro LV 17 (18)

This indicates the existence of a compound state of the Majorana fermionic field
with spin 3/2, called the Rarita—Schwinger state (|M3),). Notice that a bosonic
field, Sy, can be constructed by any pair in the set of {(M*”, p#), (N**, ¢*), and
(LM, r#)} mentioned above. In our scenario of the electromagnetic field interac-
tions in which the ubiquitous field interactions induce the incessant occurrence of
excitation—deexcitation processes, the |M3), state behaves like “the ground state” of
Sy in the sense that any vacant configuration of S, , if it exists, must be reoccupied
in a moment. This makes |M3), a constantly occupied state from a macroscopic
timescale.

The key question regarding |M3), is whether it is an observable quantity in ei-
ther a direct or an indirect fashion as S,,,, as a space-like quantity, is not observable
in general. First, we can say that, within the framework of relativistic QFT, any
observable, without exception, associated with the given internal symmetry is the
invariant under the action of the transformation group materializing the symme-
try under consideration. The second helpful observation is that, as was highlighted
after Eq. (17), Lorentz’s invariance still holds for Snyder’s quantum version of the
isomorphism between Einstein tensor G, and the Majorana version of TM” given
in Eq. (12). This is in addition to the fact that Lorentz’s invariance, indicating an
external symmetry, is related to the internal ones through supersymmetry. Based
on these observations, we assume that {|M3), = ngil)fy”(xi) — R}, as the in-
variant of the general coordinate transformations, is an observable as it is indirectly
related to the actual observable quantity, i.e., the expansion rate of the universe.

The simplest model of dark energy is expressed as a cosmological term, A(ge) 9w,
with A¢gey < 0 in the following Einstein field equation, with the sign convention

R > 0 for a matter-dominated closed universe:

R# —Eg# —I—A(de)g# :—C—4T# . (19)

From the discussions developed thus far, we can identify observable A 4) as

Aoy = |M3)g =2 T,7 (a') < 0. (20)

Recall that the key parameter (ko) in Eq. (6) for determining Clebsch variables A
and ¢ is the DP constant, which has been experimentally determined. Using the
experimental value of (mgl) ~ 50 nm, we obtain A(ge) = —2.47 X 10~%3m~2. Con-
versely, the value of Ayps derived by Planck satellite observations [34] is estimated
as A(ops) = —3.7 X 107%3m—2.

2.1.2. Emergence of the time-like domain

As shown above, the CP used to develop our dark energy model as a space-like
electromagnetic field is an analytic approach that sheds light on the characteristics
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of barotropic (isentropic) fluid motions. Next, we show that the knowledge on fluid
dynamics is again quite helpful in identifying a promising dark matter model, which
can be derived by considering baroclinic (nonisentropic) fluid motions. For clarity,
we begin with the definitions of barotropic and baroclinic fluids. For simplicity, let
us consider the nonrelativistic equation of motion of ideal gas flows:

Oy, + 0" 0,v, = —0up/p = —Cp0,T +T0ys, (21)

where v, denotes the 3D velocity field; p, p, T', and s denote pressure, density,
absolute temperature, and specific entropy, respectively; and C, denotes specific
heat at constant pressure. A given fluid motion is barotropic if d,s = 0 (namely
isentropic); otherwise, it is baroclinic. A particularly important conserved quantity
for the general baroclinic case is Ertel’s potential vorticity (@Q[35]), which has the
following form:

Q= %(6 X 7)-Vs, = 0,Q+1v"9,Q =0. (22)

Notice that @ can be adopted to label the fluid particles defined in the Lagrangian
specification of the flow field. Alternatively, Q may play the role of the “physical
coordinates”of the space in which a given baroclinic fluid system undergoes time
evolution.

To clarify the underlying mechanism of the interpretation of dark matter in
terms of @, Sakuma et al.[26] examined the novel relativistic representation (r)
of Q. They found that under the assumption of a low energy limit within which
the conservation of the fluid particle number (n) having the form of V,(nu”) =0
holds,

Qr :=Q/T, Q:= woiwaz + Woaws1 + wWoswi2, (23)
Qrut = V[ (W) (o/n)], = V,(Qru”)=0. (24)

Here, u", wy, *w*”, T, o, and n are the nondimensional 4-velocity vector, relativis-
tic vorticity tensor, Hodge’s dual of w*”, absolute temperature, specific entropy, and
particle number per unit volume, respectively. Furthermore, the current (Qpu#) is
identified as gravitational entropy current. In additional, the conservation law given
in the second equation in Eq. (24) shows that the first equation may be considered
as “Maxwell’s equation” in which Qru* plays the role of the “electric current”.
They further derived the following important relations valid among metric tensor
", Weyl curvature tensor W57 and relativistic vorticity tensor w”” under the
assumption of W20Q2 +#£ 0

o WEPW ey b Cur g, W N o

(A ) R TV CY VR a0)2/4
W2 L= WQB’Y(SWQIQV(;, Q= *wﬁ)‘o.))\,g.

These suggest the existence of the minimum values of (Wp)? and (£)?. In general,
gh¥ is a purely mathematical concept as it is dependent on the choice of the coordi-
nates. However, Eq. (25) assigns a unique physical characteristic to g"¥ such that
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the emergent symmetric space (G/H ) in our cosmological theory, as a metric space,
assumes the form of a certain kind of spin-network to which the skew-symmetric
properties of Eq. (4) are reflected. In relativistic dynamics, mass distribution is di-
rectly related to the distribution of scalar curvature R,”. By contrast, from Eq. (25),
we observe that W? is directly correlated with (49)? and that Qru* = (/T)u#
behaves like a conserved density current. As the pure Weyl curvature represents the
vacuum of relativistic dynamics, a relatively strong current (Q7u*) in a cosmolog-
ical environment with a negligible value of R,” compared with Qp would behave
like the invisible density current, which is the model of dark matter in our theory.
Using Aoki et al.’s[36] recent research outcomes on relativistic conserved charges
and entropy current, Sakuma et al.[26] also showed that the entropy current Qpu*
is dynamically associated with an energy-momentum tensor of the form, Ag,. , with
A being a positive constant, where g, is to be interpreted by Eq. (25).

Thus, a series of the above analyses on Qru* suggests that the energy-
momentum tensor of dark matter assumes the form of A(gm)g,., where constant
A(dm) is to be determined by observations. The consensus ranges of the estimated
percentage of dark energy and dark matter are (68%—76%; mean = 72%) and (20%—
28%; mean = 24%), respectively. Thus, the following equation:

A(dm) ~ A(de) = _A(de)/3 = AdS/3 = 1/(Rd5)2, (26)

is an estimate consistent with the observation, where Rgs and Ags/3 denote the
radius of de Sitter space and its alternative expression defined in Eq. (16).

Notably, in our cosmological scenario of CCC-2nd, TM” in Eq. (12), shown to be
isomorphic to the space-like Einstein tensor (G H”) and A(gpm)g"” with g"” given by
Eq. (25), provide the physical space- and time-like spacetimes, respectively. These
spacetimes emerged from the spontaneous symmetry breaking of the primordial
light field with null distance (ds? = 0). To consolidate our CCC-2nd scenario here,
we show that a unique vector boson exists in our model, which plays the role of
the Nambu-Goldstone boson (NGB) associated with the spontaneous symmetry-
breaking process.

To start, we consider again the space-like CP of U* explained in Eq. (10, 11).
The field strength (S,,,) defined by the curl of U, assumes the same form as the
one in the light-like case given in the second equation in Eq. (8). Contrarily, the
null geodesic equation (U¥V,U, = 0) in Eq. (8) is replaced by

v, v, =-5,U0"+V,(U"U,/2)=0; U"U, <0. (27)

In relativistic fluid dynamics, the magnitude of U*, defined by V := U*U, /2, can

be normalized as V' = 1[37]. As the equations on A and ¢ in Eq. (10) are linear, we

can introduce a similar normalization for L, = V,A and C,, = V,¢. The natural
normalization would be

LVL, = —(mx)?X?, C¥C, = —(my)*¢?, (28)

where the wavenumber vector, £, of the respective plane-wave solutions satisfies
k"k, = —(my)? and K"k, = —(my)?. For the space-like CP of U* discussed thus
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far, we have
(mr)? = (mg)? = (r0)*. (29)

Using the orthogonality condition, C*(L,)* = 0, in Eq. (10) and Eq. (28), a
couple of important characteristics of space-like U* fields can readily be expressed
as

vV, U’ =0, V= —é)\2¢2[(m,\)2 + (mg)?). (30)

Now, revisiting Eq. (10), we consider a different case in which we only replace
the second equation, V¥V, ¢ — (k¢)?¢ = 0, with V¥V, + (ko)?¢ = 0. With this
change, Eq. (29) changes into (my)? = (ko)? = —(mg)?. Consequently, V in Eq.
(30) vanishes, and U* becomes a null vector. Notably, the form of S, U" in Eq.
(27) is similar to that of Lorentz force, F),, (ev”), where F),, and ev” denote the
background electromagnetic field and an electric current with charge e, respectively.

A direct expression of —5,,,U" is

~8,,U" = —(L,C, — L,C,)(A\C” — ¢L")/2

= —2¢(k0)*(¢Ly — ACp) /2 = A(#0) U (31)
Conversely, as we have V,U” = —A¢(k0)?, in this case, Eq. (31) becomes
SwUY = =Ag(ko)?U, = (V,U"U, # 0. (32)

Eq. (32) expresses that the null vector U* with a nonvanishing irrotational part is a
vector field for which kg and ikg play the role of the field source as in the case of +e
in electromagnetism. Furthermore, the field source behaves as if it is an “electrically
charged virtual photon” responsible for nonlinear electromagnetic field interactions.
In our CCC-2nd scenario, the emergence of a couple of these sources (kg and irg) is
interpreted as the consequence of the spontaneous symmetry breaking of the light
vector field whose temporal and spatial components exist in a balanced manner.
Thus, we believe that the vector field, U*, with the abovementioned characteristics
plays the role of NGB in our cosmological scenario. Moreover, it plays substantial
roles in the nonlinear field interactions between the quantum generalized sectors
defined by Ojima[l4], existing on not only time-like but also space-like domains,
and the classical generalized sectors on time-like domains. In the subsequent section,
we show that the DP constant ({4, ~ 50 nm), defined as the inverse of kg, gives the
scale of the Heisenberg cut dividing the whole universe into micro-quantum and
macro-classical worlds (cf. Eq. (42)).

Interestingly, we can unravel many conceptual aspects of QFT from such a spe-
cific theory as the description of the behaviors of DPs. Here, the concentration
of the momentum support of the dressed photon field in the space-like domain
(»?
the time-like momenta owing to the particle-like excitations. This contrast between
the space- and time-like momenta should not be superficially considered. However,
the important factor is the medium or environment constructed by the space-like

= ppt < 0) plays the most important role, which is in sharp contrast to
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momenta, in contrast to the particle-like motions associated with the time-like mo-
menta. From this viewpoint, the distribution of different sizes of space-like momenta
(p? < 0) describes the difference among different media, which constitutes the cate-
gorical background of algebraic QFT constructed by arrows of space-like momenta.
Therefore, this kind of interpretation of space-like momenta associated with dressed
photons exhibits the categorical essence of QFT.

Along this line, we promote new research on the relevance of Kan extentions in
the QFT of dressed photons. This is applicable if the four terms constituting MMD
are recombined into the three terms of micro-dynamical systems (comprising micro-
dynamics acting on the micro-algebra) and macro-states, together with a macro-
classifying space constructed by the classifying parameters of macro-states.

3. Approach to the hierarchy problem

The Einstein field equation incorporating our dark energy and matter model is
expressed as follows:

R, ~ 9% + Aam)g,” = _C—4[Tu + {A o9, (33)

A(dm) = _A(de)/3 +e>0.

Here, our present concern is the dark matter field, A(gn,) g,”, as the main source
of the gravitational field. As the first step, by comparing Coulomb’s law with the
universal law of gravitation, we obtain

mims

1
Fo=—%2 p i

dmeg 127 r

(34)

Let us examine the F,/F, ratio, where the notations used in Eq. (34) are conven-
tional. By doing so, it would be natural to choose the fundamental electric charge
(e) for g1 = g2. However, for m; = ma, we encounter a serious challenge as we can-
not single out “the fundamental mass charge” like e in the case of F,. To overcome
this problem, recall first that, for our dark energy model, a unique state, |M3),,
exists, which behaves like “the ground state” of S,,. Through Eq. (20) and Eq.
(26), this “ground state” is directly related to A(gm). By contrast, in Eq. (25), we
highlight the existence of the minimum value of W2, i.e., (Wp)? # 0, associated
with the conformal symmetry breaking of the light field (H). Thus, we naturally
assume that A(g,,) = |[Wo|. Notably, in our previous studies where we did not con-
sider the possibility of the “temporal change” of A4y in the dark matter field
(A(dm)guv), we simply asserted A(gm) = Wy = const. However, in the present dis-
cussion where we consider the “temporal change” of A(4p,), we assume that Wy is
a certain positive constant that satisfies

W() = Mzn{A(dm)} (35)

Under this new hypothesis, we can regard A(g,,) as the fundamental mass of the
gravitational field; the justification will be provided shortly.
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As the dimension of A (g, is (length) =2, we introduce my having the dimension
of mass, corresponding to A(gpm,). Substituting e and my into F, and F, in Eq. (34),
respectively, we obtain

2
Ie _ e? 1 _ e? ch oM 7 (36)
F, dmeg G(ma)?2  dmegch G(my)? my
e? ch
= —— = _— 37
@ 4drregch’ M G’ (37)

where o and m,, are the coupling constant of the electromagnetic field and Planck’s
mass. For A4, using Eq. (26), namely, A4y &~ —A(4e)/3, and using the concrete
expression of Eq. (20) obtained in reference [17], we have

47Gh (ko)?  8mGh (Ko)? 1

=81 (Iy)* ——=; lip = -
e e =~ g = (k)T (39)

A(dm) ~

Here, [, and g, are the Planck length and DP length defined as the inverse of the
DP constant in Eq. (6); € denotes a dimension adjusting coefficient of unit length
squared. Two reasons exist for the appearance of € in the expression of A(gp)-
First, the quantity, Ay = ng)zl)fy”(:ri), in Eq. (20) is related to the “radiation
pressure” of the S, field. Second, the calculation of such a quantity is required
to make the energy quantization of the light-like S, field consistent with & = hv
for the usual radiation field. As we have introduced m, as the elemental mass
corresponding to A (g, we can determine it by the following formal identification
using Einstein’s field equation:
y_ 831G v 817G
Aam)yg,” = CT[(PACQ)U;LU I, = Awm)(le)® = 2 s M = palle)®,  (39)
where [, denotes unit length. Therefore, using Eq. (36), Eq. (37), Eq. (38), and Eq.
(39), we finally obtain
F, lagp)* 1
== ( dp)2 = (40)
Fy o w2 (lp)? e
Substituting o = 7.3 x 1073, 72 = 9.9, l, =1.6 x 10~3%m, lgp = 5.0 x 10~%m, and
€ = 1m? into Eq. (40), we obtain

Fe
7= LT 1037, (41)

g

which appears to be consistent with the conventional rough estimates obtained
without using A(gp,)-

Having derived Eq. (40), now we examine the consequence of the “temporal
change” of Rys(= 1/+/Aam)) applicable to F;./F, in Eq. (40). In the introduction,
we cited previous studies on (cosmological) time-dependent physical constants. Sup-
pose that A(gy,) is such a time-dependent quantity, then A(g,)g,” in Eq. (33) ceases
to be a divergence-free term. Notice, however, that as A4, is directly related to
the radius (R4s, in Eq. (26)) of de Sitter space (Eq. (16)), the partial derivative of
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A (am) With respect to the cosmological coordinate (z*) vanishes. This is because the
shape of the isotropic universe is given by a de Sitter space and V,Rg4s (0 < p < 3)
is on the tangent hyperplane of Rys = const., on which the gradient of the lo-
cal 4D spacetime coordinate (z#) exists. Thus, in this sense, A(dm)gu” remains a
divergence-free term, although the radius can either expand or shrink in the fifth
dimension perpendicular to the gradient of the 4D coordinates (z*). The “tempo-
ral change” of A(4y,) that we consider is the change in the magnitudes of the dark
energy and matter fields.

For simplicity, in our discussion, except for A(ge) and the related A4, we
assume that all physical constants are fixed quantities. From Eq. (26, 38), we readily
obtain

I N2\/§7r Ly :2\/§7T
PTVE Ram Ve

which implies that the DP length (lg,) affords the geometric mean of the smallest
Planck length (I,) and the largest scale of our universe (Rg4g). Furthermore, under

lpRgs, (42)

the assumption that I, = const., lg, becomes proportional to R4s. Thus, we can
choose lg, as the unique geometrical parameter of our cosmological model. From
the viewpoint of the unification of four forces, examining the case where we have
F./Fy =1 is interesting. A simple calculation shows that

Fe _
the present value : —= = 1.7 x 10%7; 14y ~ 5.0 x 10~ %m (43)
g
. . F, —17
the unification value : T 1; lap = 2.4 x 107 'm. (44)
g

Thus, using Eq. (38), we observe that the unification value of A(g,)(u) is (4.4x10'8)
times larger than the present value of A (g, (p).

We focus on dark energy and matter mainly because of their extreme pre-
dominance over material substances. This implies that, in thermodynamic ter-
minology, the dark matter field (A(gm)gu) with positive A(g,,) resulting from
Weyl curvature and dark energy field (A(4e)g,,) With negative A(ge)g,. resulting
from Ricci curvature would work as high- and low-temperature reservoirs, respec-
tively, for the gravity-driven temporal evolution of such material systems as stars,
galaxies, clusters of galaxies, and the large-scale structure of the cosmos. More-
over, in this cosmic thermodynamical system, Qru*, defined in Eq. (24), gives
the gravitational entropy flow. As the energy density of the two thermal reser-
voirs are finite, the initial “temperature difference” between them, measured by
Afam) (1) — Agey(u) = 4N (gmy(u)/3 = 4[Rqs(u)]72/3 , would decrease with the
temporal evolution of material systems. This result can be observed as the extra
expansion (increase of Rgg) of our universe in the fifth dimension, directly related
to the temporal increase in the ratio of the previously discussed coupling constants,
F./F; < (Rqs)?. Although the dynamics we have discussed are unrelated to su-
perstring theories, it is interesting to bring our attention to Witten’s noteworthy
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remark[38] made at Strings ‘95: “eleven-dimensional supergravity arises as a low
energy limit of the ten-dimensional Type ITA superstring.” This appears to be qual-
itatively similar to our present situation, in which our 4D universe undergoes an
extra expansion into the surrounding fifth-dimensional space. The expansion starts
from the initial high-energy state of F./F, ~ 1 with a negligible magnitude of
W2 in Eq. (25) to low energy states having large values of W2 as the measure of
conformal gravity.

4. Implication of Maldacena (AdS/CFT) duality

In subsection 2.1.1, we saw that the CDSE field (S, ) is closely related to de
Sitter space having the well-known scale-free property. Recall first that spinor is an
irreducible representation of the universal covering group, SU(2) of SO(3). For the
4D spacetime case, in which we have the Lorentz transformation group (SO(1, 3)),
the Lorentzian spinor (SL(2,C)) corresponds to SU(2) in the case of SO(3). When
we further extend SO(1,3) into the 4D conformal transformation group (SO(2,4)),
SL(2,C) is extended into SU(2,2), which operates on Penrose’s twistor in the 4D
complex spacetime. As in the case of the above extension of spinor, we can also
consider a similar extension of the electromagnetic field (F),,) as the U(1) gauge
field. We believe that the CP (explained in subsection 2.1.1) applied to extend
F,,, into a space-like momentum domain is what is required for such an extension
of conformal transformation, which is closely related to the important notion of
modular form.

The fact that the emergence of de Sitter space through CP is an inevitable
consequence of the extension of SL(2,C) can be readily verified from the following
properties of the Lorentzian spinor, ¥(V#):

o vyt 1 [VO+V3 VE4iv?
Y(VH) = V' = 1o 1 = ﬁ {Vl V2 YOyl | (45)
1
det(V") = S[(V7)* = (V1)? = (V*)* = (V7)?]. (46)

For the space-like vector, V#  det¥(V#) becomes negative so that Eq. (46) be-
comes isomorphic to the second equation in Eq. (17). As Eq. (16) and Eq. (17) are
connected by a one-to-one correspondence through parameter 74 and the latter is
isomorphic to Eq. (46), we thus see that de Sitter space and ¥ (V#) share the same
symmetry.

Now, we compare the following forms of g+":

v -1 v R(I) v a6
90 = 5, (Ré) - —=9(n ), W =0), (I=1or2), (47)
WraBY v
py _ aBy 2 4
g — (W2 +£0), (48)

where Eq. (47) represents either de Sitter space with Ay = Ay < 0 or anti de
Sitter space (AdS) with A(g) = A(gm) > 0, depending on the index (I).
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In our CCC-2nd hypothesis, the isotropy of an early universe is explained by the
small amplitude of W2 (the Weyl curvature hypothesis proposed by Penrose[29]),
which motivates us to examine the possibility that the following limit exists:

W apy W _
g = — 9~

W raBy v -1
W2/4 A

v R(Q) v 2
Ré) —Tgé ,as W2 — 0. (49)
Within the framework of our CCC-2nd hypothesis, this gives a diffeomorphism
defined as the time reversal of a given cosmological time development. As g"” on
the L.h.s. gives the gravitational field, whereas the r.h.s. represents AdS, Eq. (49)
can be regarded as the “Maldacena (AdS/CFT) duality”[27] in CCC-2nd.

5. Summary and conclusion

Using our recently developed unconventional model incorporating dark energy and
matter, we re-examined the hierarchy problem. As the model itself is not well
known, we began our discussion by recapitulating the key concepts used in our new
theory to elucidate an elusive phenomenon called DP in the field of nanophoton-
ics. This phenomenon unexpectedly inspired the novel perspective on cosmological
problems addressed in this study. The concepts include the GR theorem for nonlin-
ear quantum field interactions, Ojima’s MMD theory developed from DHR’s original
sector theory in QFT, and CDSE field developed by the first author, together with
the unconventional introduction of conformal gravity explained in subsection 2.1.

In addition, as an outstanding feature of our cosmological theory, we use the
basic view that our universe is undergoing an infinite cycle of birth and death
as in the case of CCC. However, a crucial difference exists between CCC and our
theory (CCC-2nd), namely, the twin structure of a universe arising from the intrinsic
property of de Sitter space. Our reason for supporting such a view is twofold. First,
we believe that the basic principle of the universe is not complicated but simple. The
creation and annihilation mechanisms of the matter and antimatter pair through the
intervention of a light field observed in laboratories can also be applied naturally
to the case of a twin universe configuration. Once we accept this conceptually
simple view on the creation of the universe, we need not worry about complicated
parameter tuning processes used in the widely prevailing theory of cosmic inflation,
which favors the creation of everything from emptiness.

Second, as mentioned in the introductory section, the idea of the creation of
everything from emptiness appears to be conceived from either the misinterpreta-
tion or the extended interpretation of Fock vacuum |0), which is, as far as QFT is
concerned, introduced within the framework of linear dynamics on free modes. In
our cosmological theory, as Eq. (26) shows, the universe expands, keeping a quasi-
equilibrium between A(g,,) and A(de), which behave as “high and low temperature
reservoirs”, respectively, for the temporal evolutions of systems in the universe.
Thus, the essential global aspect of the expanding universe in a quasi-equilibrium
state should be described by the Tomita—Takesaki theory[39] as a thermodynamic
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Kubo-Martin—-Schwinger (KMS) state with infinite degrees of freedom. As the KMS
state is a mixed one, its corresponding Gel’fand—Naimark—Segal representation is
reducible. Therefore, for M, defined as a von Neumann algebra on Hilbert space
$), there exists its commutant, M’, which satisfies the following inversion relation:

IMT =M, e Me = M, J? =1, (50)
JHJ = —H, (51)

where H and J denote the Hamiltonian and antiunitary operators called modular
conjugation, respectively. Notice that the spectrum of the Hamiltonian is symmetric
with respect to its sign, which indicates the existence of states with negative energy.
We believe that the result of the Tomita—Takesaki theory applies to the case of a
twin universe configuration and to the thermodynamics of the observed cosmic
background radiation whose energy-spectrum distribution is given by the black
body radiation.

Eq. (40) stands as the central result in our study, showing the clear causal rela-
tion between the existence of noncompactified extra dimension and F./F,, in which
the DP length (l4,) plays the key role in determining the value of F./F,. Through
Eq. (42), we see that lg4, divides the universe into two domains. Furthermore, its
present value, given in Eq. (43), suggests that [, affords the scale of the Heisenberg
cut dividing the micro-quantum and the macro-classical worlds.

As the final remark on our study, we wish to make a few brief comments on the
innovative observational outcomes of the James Webb Space Telescope (JWST).
One of the quite unexpected findings of the JWST Advanced Deep Extragalactic
Survey is that the events considered to have occurred in the very early stages of
the universe actually occurred much earlier than expected. We have shown that the
magnitudes of A4,y and A given in Eq. (26) in the early stage of the universe
were considerably greater than those in the present one. Thus, we conjecture that
the standard ACDM model used in cosmological simulations is not suitable for
simulating the temporal development of the early universe. Eq. (33) shows that
the isotropic expansion owing to A(ge)g,, on the r.h.s. manifests itself through a
conformally flat Ricci curvature. Conversely, the local gravitational attraction owing
to A(dm)guw on the Lhus. is highly nonisotropic because of the intrinsic property of
the Weyl curvature. Data from CEERS survey by JWST show that most of the
very early galaxies assumed elongated shapes similar to noodles or surfboards, which
appears to be consistent with our conjecture on the gravitational effect arising from
the nonisotropic Weyl curvature. Presumably, the observed large-scale structure of
the present universe comprising galaxy filaments and voids is also the manifestation
of this nonisotropic Weyl curvature effect.

Regarding the cosmic age problem relating to the very early formation of pri-
mordial galaxies, in his 2023 paper, Gupta[40] proposed an intriguing resolution
derived from the outcome of a hybrid cosmological model called CCC(covarying
coupling constants) + TL(tired light). The idea of CCC is similar to that of Dirac’s
hypothesis on varying physical constants, such as gravitational constant (G) and
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speed of light (¢). Gupta introduced the CCC model as an extended version of
the ACDM model with a variant cosmological constant. In that sense, our model
with a varying A (gm) (= —A(ge)/3) is similar to the CCC model. However, a crucial
difference exists between these two models. In Gupta’s model, parameter «, called
the strength of the coupling constant’s variation, plays a substantial role, whereas
in our model, all usual physical constants, except for A, are assumed to be non-
variant. We adopt this assumption because it is the simplest one. Therefore, the
question of whether physical constants are unchanging or not remains unanswered.
Qualitatively, much larger value of A(g,,) in our model of the very early universe
and much larger value of gravitational constant G' in Gupta’s model would have a
similar impact on the formation of early galaxies. The most important character-
istics of our model is the possibility of the universe expansion in fifth dimensional
direction, which reveals that our universe as a 4D Riemannian manifold is not a
closed entity but is open to a higher dimensional realm.
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Appendix A. Greenberg-Robinson theorem

The essence of the theorem is that off-shell fields is never compatible with the
on-shell condition characterizing (generalized) free fields in the special relativistic
situation. To precisely state the theorem, we briefly present the Wightman system
of axioms. In this appendix, we use the natural system of units, the unit system
such that c=1 and A = 1.

The following family of four axioms is referred to as the Wightman system of
axioms:

[1. Field operator] For a neutral field, a field operator ¢(z), € R%, is defined
by an operator on a Hilbert space H.
[2. The covariance condition] A (projective) unitary representation (U) of the
Poincaré group exists, 731 =R* x Ll on H such that
Ula, L)¢(z)U(a, L) = ¢(Lx + a) (A1)

for all (a,L) € 731 =R* x El.
[3. The causality condition] ¢(z), z € R%, satisfy the local commutativity, that
is,

[¢(x), ¢(y)] = d(x)d(y) — ¢(y)p(z) =0 (A.2)

for all pairs (z,y) of mutually space-like points.
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[4. Vacuum state and the spectrum condition] A unit vector, 2 of H, called
the vacuum vector and a spectral measure (E) of R* on H exist, satisfying
the following two conditions:

4.1 § satisfies U(a, L)Q2 = Q for all (a,L) € 731. E satisfies
Ula,I) = / e"? dE(p) (A.3)
v

for all @ € R, where V. = {z = (z#) € R*|2% = z,2# > 0 and 20 >
0} and a - p = a*p,, (£ then satisfies E({0})Q = Q).

4.2 Q is cyclic for P(R*), the polynomial algebra over C generated by
{p(z) |z € R}, ie., H=PRHQ = {XQ| X € P(RY)}.

Strictly, every field operator is defined as an operator-valued distribution. However,
we omit the detail (see [41] for example). Moreover, no field operator is defined at
each point = of the Minkowski space, so that ¢(z) is simply a symbolic notation.

A neutral field ¢(x) is irreducible if it satisfies the following condition: If B is a
bounded linear operator on ‘H such that

(QBo(x1)¢(x2) -+ Swm)) = (d(wm) d(wm—1)" - - d(21)"Q BY) (A4)

for every natural number m and points x1, - - - , x,, of the Minkowski space, then it
is of the form B = kI, where k € C and I is the identity operator on H.
The Fourier transform ¢(p) of a field operator ¢(x) is defined by

) 1 .

= — T dx. A5
o) = gz [ 0w aa (A3)
A field ¢(z) is called a generalized free field if it satisfies the commutation relation
[6(x), d(y)] = iP(x —y)I (A.6)

for all x,y € R%. The function P(z) is called the function defined by
/ D je(z) do(§), (A7)

where o is a measure on R>¢ = {z € R|z > 0},
1 00y —ipax P

Dm(I) = W /]RS Sln(p T )6 P p_o (AS)

and p° = \/p? + m2. The free Klein-Gordon field ¢(x) with square mass m?(> 0),

a typical example, satisfies the commutation relation [p(x), o(y)] = iDp(z — y)I
for all z,y € R%.

Theorem 1 (Greenberg-Robinson [42,43]). Let ¢(z) be an irreducible neutral
field. If an open subset exists, O, of R*\VL such that ¢(p) = 0 for all p € O, where
Vi = {z € R*|2? =z 2" > 0}, then ¢(z) is a generalized free field.

The contraposition of this theorem implies that
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If an irreducible neutral field ¢(z) is not a generalized free field, it holds that

d(x) # 0 for all p € R

This fact indicates that the involvement of off-shell momenta is specific to inter-

acting quantum fields and is never observed in (generalized) free fields at the four-

dimensional Minkowski space.
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MEBRNCHZE L TV, SENE, ETiTio72%y MY — 2B THIC X 2T AREIRICHE 2
ZAIZOWTAT o T BT DABN 21T 50 R LR FETFDED 2 RICBWTIE, ABROBEIY)
HERBO TV Y VEIED S EREHER L IZR L 20, BETHOAEERO B3R K
ThHb, TOEFIZOWTERE BHELWET 2 Z L Z2HHAT 5,

BE R
(11 REIL—, NEREE, [CZ25R 287 — FLAMNETFPHCA 7Y 2 VB E—), (3
BEE, 2020).
[2] K gt—, TR LR MEFy, (HIEE)E, 2013) .
[3] S. Sangu, H. Saigo, Symmetry 13 (2021), 1768.
[4] K. Okamura and M. Ozawa, J. Math. Phys. 57 (2016), 0152009.

]
]
]
[5]1 K. Okamura, Symmetry 13 (2021), 1183.
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FLR T (DP) 2#F3HT2ET L LT, KEHI B XT3 REDET Y +—7
(QW) €7V (FLRAMEFORTFY + =27 FETN) PERIN, JTth 2 U EDGEIZ, 2D
R ZBEDPFN LN TV S [4]. AFETE, X OEBWNR 77 LoRTY +—2 %25 . Bk
IZiZ, 797 G = (V,E) OBETHIZ A L §5 ¢ &, BRRETIZ Ut) = 42 v L, 91
RHEE T(0) c C(V) 2T 2%, Kt > 0128 2IKEEN

WEoTEDONAEHGRBET Y+ —2ZICOWTERTS. COLIRETFY+— 7 ETIII,
757D alL T4 A=A LT, B0 EINTEL. 777 GHB1RTTHET Z, Y
AINT57 Cy, FAIR T,y OFEOWTIE, 2] BEDH B, LI, [2), 5], [6) Hx25
oz, LrLEYNS, REEQREED V' F 7 DT 2o 7R % L, B IZ 5 72—
B TR HREIAD R NE S TH 5. R TIE, AR O# D S1ERIZ S 7 ORFFEITS
D~ FTREEZ 2. ZHUZ, 2] TH- TWB WL D0 DRFIARIET % X 512 J-Nv £ L
BrEEDRTEIN, £72275 7D Z0MEENCE T 2 8N RERE2H - =802 &, ft8T

BE ZOWIEO I F LA SETHISRAOXREZ TV RS
2EXI

[1] C. Godsil and H. Zhan, Hanmeng Discrete quantum walks on graphs and digraphs, London Math.
Soc. Lecture Note Ser., 484 Cambridge University Press, Cambridge, 2023, xii+138 pp.

2] SUHCHE, BT 4+ — 2 ORI, FEENE, 2008.

[3] M. Ohtsu, A Quantum Walk Model for Describing the Energy Transfer of a Dressed Photon, Preprint,
2021, Offshell: 10.14939/2109R.001.v1.

[4] KETT—, WIAE, BEK, B TF Y 4+ —2FET ML FLAMEFIAAF—BEFDOI I 21—
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[5] R. Portugal, Quantum walks and search algorithms, Quantum Sci. Technol., Springer, New York,
2013, xii4+222 pp.
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[Ex3&] 250 F / HERT (NP:NPs) D
=WROLELSN DRI AL E IR A LT KL A R
S OP) X7 4/ U EREAELTRLA MEF
74 /v (DPP) ZARL L, NPsfHl & HAHIIC RS
B LH D NP (NP (2
Z DBIBIIHERD On-shell BH¥4 XR T 5 K
IMEFDJFFRTITAED 72\, A Tl = 08
GO IBFEDED Y 2T,
[J73E]) F28I LauZ i & T o DPP o F|EE ]
REFERE Lo 1X=KTRAN DR S H OHINE & b
W45 (K 1) [11, ZHZ T
% & DP ORFEMATICITMEEAER ., BT
WP ARETHDLZ N> TWAH[2], A
VERIEIE AT 22 i B R 72 0 C | FE IR IR D
BFU+—7 (QV) ETADBANTHDL, D
T VACHER OB R AT ATz ZHIZ05E
BRERIIERGBREEAS LTS [3], &biC
Si fEdEH O B R F-xHIRTET % DPP DAkl
RITHIRE kDY 0.2 (= kope) D & FITHRK
L7 (1)), BIRFxt4 NP ICEEHLZ 1L
X 1 (a) ST RIRE T H D
[ 5] MOk 6R 20k 12 N30 Bt 1R 2K
internal GV @1oss) (Vi NP DI, @ 108145 NP
TORKEE) & tHhn (WP TOREFERIZ
K9 2 BRI o OFNTH D, Z 2T NI
ZRITELS D ZHh 5 D NP OE% N, OFEIZ I
BIL. Ez. BAIDEL HiE NAZHBId 25 )

2 L CTOMRIOL IS4 2,

D rx<HTHD, ZIUFXLFEEOHRE k op 1L H
ORI e N D Z EEEWTHOT, K
1 (a) D FBHRE FIE 1 (b) POFEE A (H< Hyp)
WZXHET 5, T 5 & Lol My \ZBW TR &
720 (lEfeEs) . To®%IZ HOHENE &bl
BT 22 Enbhsd (Fk B: > Hy)o Z
DE TR TATRE D NP2 L W S5 D
TV LA LRI /MER OJFH & T RE
ThY., 7L = VBEEATH D,
[FLD]WETICLY DP =R VX —FE)
B ORI ST — 2 I K e T 2 hoi ok i, i
RPN DD Z L AR Lc, ZHUTET LI
SHENT S A A EED X =R GEESNC T A
FREOF#E~HEN B D 2 & &R d 5,

A B
5 6f
k|
m
o4/
g/
= |
"L I
Olies 05 10
A
(a) (0)

[3Cik]

[1] W. Nomura, et al, Appl. Phys. B. 100, (2010), pp.

181-187. [2] L. Ojima, in Progress in Nanophotonics 5, (ed.
T. Yatsui, Springer, 2018) pp. 107-135. [3]KHH, % 84
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FERDI I 7 EORVAMKTFOIINF—BXME 1] DRT VA —27IZX2EZTLETIV (2],
ERETS. 757 LOKREAICTOBBEEAICET AKEER (0—F—YaY) 2525, %
UT. tD 77 7 DR E 2 RH DD, SIEHMEZ ZOKENEHIZ LA > AR 1 7 IVIZE
W T-T T T7RIRT 77 RS, ULz oT, ZOHRY 7 7DKRTEMIZBEWT, TDT T
TDBEEDP SHEKTET DL, FHAOO—TF—Yaryhrolkd 5 2 EOAREN
FET S, 2k KU A MSTFORIESITE T 2 AN 2 FEOBREREE & AT, 51274
UK BHEOHIEEE 5 R 5720, TOEERIT IV IN—T %215, TOREM LT
P72 3G D =R VITH H = (i ))ijm1p2 Z5ABIET, BT A= ILLBFZTLETILO
RIREZERTLHILNTES, ZOLZDOEFRBIZIBVWT, FLAMETHED K S Lk
2ENETEDOPIIDONTHELET L, £9, EEWEL 74/ VOZDOETIVIZBITHEENZELD,
RUVANNFO2FEEOMBEOFIZ, 74/ v OBE 2 KMEIEZRDE SR 2IRXTEDI=XY
TP HIC X DR L CESET A TE S,

Lemma 1. BERLINAB T3 1 2 H = (h))ijo1p FIRD LS IZHERI NS,

- hiphyj
hij = h,‘j + 1——]11,[,
1

~1-hy,

(ij = (=1)*/Det(H)h-; -;)
ZOLemma & HOZ=X )N SIROFENEHIND.

Theorem 1. 7EFIRFEIZE T, hyy = Det(H)hyy 217232 &, RUVAMSFIRT—FT—Y 3 iz
o THFEEINSZ 7 7 DOHHEEDAAIZB T B {HOEFIZH > THEIL.

COEHDEMZTHE-THDIE, RIICLoTREINTVWAHBMLRET 74+ —2D RNV A K
WFTIal—yarvETILDORTEHNTWS, LRELEAS, [1] DFEE & OBEEEOB SIS,
COEMEBEBNEE h —Det(H)hyp eREBDZEDNRENWI EN 3] DS RBTE 5.

& 3R

[1] M. Naruse et al., Nano Communication Networks 2 (2011) 189-195.
[2] M. Ohtsu et al., Off -shell archive: 23040.001.v1 (2013).

[3] Yu. Higuchi and E. Segawa, arXiv:2402.00360.
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1. [XFCHIZ

RUA MEFITRFRET Ry M EOBERERDT / — RIS S Bk & LTET L
kT2 ENTED, ZOETAEMAV, FLR MNETZME LTZYERBLR(RMPNOLE O B EL
RTINS OYDIRH AR TN D[], D DBEITT ) MR HINRA~D = )L X —Hkh
INEEREE ZH - TRBY . ORI EOMESLREm N RILILR e 2 il E TH 5, EED
TR, HORBLR L R LA ML omEREBEEE O F L M2 NTET 20K08) & D BEfR
IR L. BliiEt 2t T 5, EbEIREEIT Dicke OB &L oL R TReR T 5
ZENTE, EMMPEICERK U ms B G ORISR I NS, £, FLA METR
FE72D T I ERIIANTHICHRIERRETH D . SO FRRERBL~ DRI SN 5,
AR T, EBRNEOTFHIIBETE LTEES I 2 L—rva U282, FLR Mo &
ELIRRE 2 2B AE R T D2 B E 2 DV TRE LT R 2 3T 5,
2. HELIaL—ay

BAES I = b—3 a3 Ok, Bof A Ik U 7o &5 B2 T8 o0 ) 2 =(Lindblad 5 F2E0) D E 7
fRZFAEICH B L, SERIRED SAMELTHET 5, 22T, BERREL X RLA METR
WEAF£DT ) — RICREESNIRREZ R L, ZHUIWERNE, v, 74/ ORAIRRER %
Wi R LB Ths, WEEEE FLA METORERE L OBMRE TR D720, AGHH
TIEHT RIS E L ) — 2P RiCEE L, EOREIZT X A2 — RERLE LI2Y)
HETIVERNTRIGE LT 5,

3. BEMRFHLER
Fig. 11, 6 / — FOWMEETNVEEAER L, R A METRIERED SAEMELE R LR
O—flzard, /— FEOBREICHAIER 2 WS, SAEMRIIEER DM E D508, %O
W& 7 L CIL Fig. IR T L 912, 3fHD KL A M2 NIET HIREGDP IRRE)IZ BV THE
JERBE DI 72 B 2N T & 5, 3DP IRREITEEOHK N L,/ — FOZEREE KT LT
iR LOMEMDO L — MR ERR 572010, HABEITRY BZBND b0 LHEIND, HIEOFE
e LT, *EEEITSRELE 28 T 2WEET MIB W THAMED S BED & < 72 D[
EHERLTCWDN, X0 BIREIR & 5121 7 — FEGEES IC W CHERN 2D TF
D, EHTIXZONELED THET 5,
BSEXM
[1] =& - fth, 2024 455 71 BN AW S SR ERE S f5IH TRHE(2024) 24a-11F-7.
[2] M. Gross and S. Haroche, Phys. Rep. 93 (1982) 301.
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JUES, RESORFKE LT A b TV —=F 12 (PB) [1] IZMBEERAEERD S @R Az
TNA B Z AREIZ L, TORNPEEZROLZDIIMEDNY R¥ vy I Tlda a2t
TESERETH 5. 72, @RIROFIE L BRI B RS FRIER [2] it [3]) 2 B3 25
Bz s>, oM [4] D HMIINEBRY 2 KK & U TREPHESOGERN R AR X 1 5 (A
DfFHTH D, BEREIUTDOEBD. SHDFHERDOFMOELTIT S) LT TH 5.

(1) PB 7ut A CHEAEZI N/ZT N1 A (PB TN A) DKM RDFEEL S NERZ FILR
FUYY IV (VP) DG %, BHAOBINS5a—L Y NENKREREFROFEZEET 5.

Q) BYOHBLEWERT VY v IVEERT 2 BEOR TERIFOEHMMERZ BRENRE T
%. FAMRENFOBEMEDHEL L LT, () NN (1 kEH) ] & (b) [FERREME] OIFEI
o T, HEERRED SE W Z A ITHR/IMEHOFIIZE S BIFREL BN S Z & 2 AF L, fEHR
Sz (@) EUTNEE VP 2PES %7 + / V%, (b) & U TINEE VP ANDIEREINE 2 Z M T 5.
(3) 4 A EBREE 2R - B ZRONA BV RV THEETFIZEOERL, TOXRFOE
WRT VY Y IVDAT =V &> TGN S 7507 vk T 5. 2 ONJ5I3/F R
SHOET DGO EHEIZHY T 5.

(4) FEFERER R OIERRIERIE & UCHAE VP O H CHHE & BRIBEE O AN H 5. BHEART v
VYNV ERZROLMTHERBREL L2 ARIROBLOZMELT, ZOHREANT KTV
VY ILDO—EE U TR E T OAL., 20X S ITHEL ERRED OEE T % IERE RS
REE IO U CHIRNRE HIREBTHAMEZINS. 4 nEREEEE FOIETHEMEIZLD, A
1£ VP O IERRIEN R I P LA PR 2 H S FEBREEDOLEFARN 17267257

(5) TEHMBED BT 2BEA T > v VO R LIZINEIREE & NAE VP TR S N2 B EE R
BEDRNTY I AT IVHREAZM 2L THS. KIRIED VP DR HNIE, BuMERHOFEERIZ
D HERED S @ WHIFRETH B, TOEBUZIE, EABESICBIT 5 @) OIEREREOIEE
iR W e BREAR T VY Yy VDRI I AT VAR TH S Z L DHEMRIPBETH 5.
6) AEXY, N EFINORELEZHET. /-, NEBMGZETIS L 750825,
HiEE

KETEEREEINS N LA DEFIEIE N (RODreP) TORIFEED A Y N—DF 2 IZE#H W2 LS. 2O

D—HBIE N LA DT HFERD» S DB EZITTVET.

SE Xk

[1] T. Kawazoe and M. A. Mueed and M. Ohtsu, Appl. Phys. B, 104 p.747-754(2011); M. A. Tran, T. Kawazoe, and M .
Ohtsu. Appl. Phys. A, 115 p.105-111(2014); M. Ohtsu, ”Silicon Light-Emitting Diodes and Lasers” (Springer International
Publishing, Swit- sland, 2016).

[2] N. Tate, T. Kawazoe, W. Nomura, and M. Ohtsu, Scientific Reports 5 p.12762-1-7 (2015); M. Ohtsu, in Off-shell archive
(http://offshell.rodrep.org), DOI: 10.14939/1809R.001.v1.

[3] P90 #hth, JIGs &, K oo —, (8 JE, ik ZE. TRVA NI X 2FERE2FALZHE 1.3~19 u m
DIEFREIAL Si ZHFR T, bW 2 2021 FFRIIFME 2, 17p-Z14-8.

[4] B &, TRV A MNT/ NGRS & s/ MERORBE ] 2022 FEFAHHS, 22a-B103-1; ¥ 7%, [/ME
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FLZ KT (DP) MR OBAL L I,
fi4h X A17- DP OFELERAT L. REEH D&
FHOWCEKEZ, DPHEEYIH O L LT,
WOHTEZTRZ VWO TH 5, ERT
PEICBWTIE. &5 <. (1) KFRoWE
& (2) MEOMEERHZIES HToGHHRFEE
TR EKRoTWEN, B TX, Zhuich
Z . entanglement 1T X % & FHEI DG 2% %
HFTHDOTIREVIEDBFDNT VWD, K2
EWVIHBERIZ. VHEREZEART 5 FTHER
WaThHh, ZORZ, FHmIIBT S RME
HZ X = <&— (DM) BLUOX =7 1)L
¥ — (DE) OLiBicnf L THRIRTH %, #H
WEPFH2ARTHD 2E &3 B—t v b
YT, #DIEDM & DE TH 5 &\ HFEIL,
2213 YL B2, DM & DE OfFEfE L
FERICHERLTVW 0TI WS HEwEH
T 2R ZE5ZTW5,

=GO EAEHIZIE spacelike momentum
BDIATH % 2\ 5 H%Z /R L 7z Greenberg-
Robinson (GR) ‘M HHFEL, 222, 3
FERNCHERL L 72 DP OHERIFFLO R [1] 1%,
F X ZDHE—IFZ L DE U DM & D%
REFR—ERTHDTH o7z, BENICE X
X, spacelike 72 Bk spacelike 72 K22 T H
% DE ZJZ 3 % L[R2, DE & #EE)3 3%
T, D) 050 “HBAZN” OBAUIISS
LI THEIFE X5 timelike 72 “Weyl conformal
gravity” 3573 DM O L CHIfg S, Z D8
73 timelike 72222 RN T 2 L ES5HTH %,

N R TFIHHEmICHE S T&'ET -
HHLS ) (MMD) [2] I2BW Tk, DHR O
t 7 & — PG % 7 X 2 72 generalized sector
(GS) HHEAZT, GS I factor RFUT K D
Bt JERIHR R R 2 FF OB TFHY GS & A]
P KRBl 2 RO GS s h, 37
0O THOMBOERIC X D LG ET
TW3 W5 BARRETE TS & G

O CHEIRENS, GR EED»LETHIC
I3 timelike 3 & O spacelike 72 RF2E03REF: L T
W3/, EHUICIE timelike 72RF2E0D HH3
BEFEL TV 2 2 RES 2 FITHARRKETH
rEbihd, ZORBRKREDTTIE. &T
1 GS ¥ &Y GS ¥ OMHEAEAIE. BRI
timelike 72[FFZ2 ¥ spacelike 72 [RFZ2 ¥ DFHEAE
RZfES e nWH HEBENPN S,

SEOFERICBVTE. DE 0o “HE
M O BRIIBAUSHE S AR T & LTD
FA#B + Goldstone (NG) boson & i DP HiE@icEB
WTWDRIERBE L 200 %ERL, HIZ
. ZOBENIE D0 & B WK A, &
FHGS & HEL GS t OMBEEHZHSH
B 1D “gauge boson” HLEIZ 7 L Tw
ZDTIFEWVI AR ERT 5, BEREOD
INETOWREBIICE D, REDKITLERD
DP E#{ (~ 40 nanometer) (%, & FHVEE Y &
B REI D I % 7R3 Heisenberg cut (X5
LTWBHEIRINTVWED, ZOEDH, &
FOERLEANTH 2 b s, DPO4
. BE. HBE WD F I o THE
R—HOBRIE, YEEANIES 2w
S —nHEZ T, BB IO HMRYEED
MHEAERIZE > THEZR D OTDH % AlaEME
BERT D,
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[1] Sakuma, H. et al. Int. J. Mod. Phys. A (2022)
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250155X).
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RLRX M AFORZEFENEE TG L THRES 2 L TRIAERVODZO YHEEREL o
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THExo02 0% TEREL oz HWTHL2IZT 5,

2022 B - 2022 FERKDAEZIIB Y BT, [2,3] KHEo &, BT zoRER (9
H72) SEWEZ OB FoBEREE 20 LoRE) L LTERTZZLICED, BEEL LT
DOHENERAIHE S & JF ARG . L COR FmiIMEr BERICRE e 2 2 2R, REW
BTG MENE TSR Y ORITT 27 e —F L OSBRI OVWT @Mz, £
7z. WEREHHEZ R OREZERM OB DRV EHE T, 207 0 —F 04 7> 2 VR EANDE T
VA= oDT7 Tu—Ftry bU—7 Lo [(—ffbahiz) ERHEEEE T 2iEHT%7
Tu—F e HEIEHL TVWA I ZHLPICLTE R, 2, 2023 FHIIEINOEZREE AT
Ay A7 VOBERERE L, 2023 FERICIERZEE T(HEST o) RES) L
TTWEHRL TE) —XhEEcw I TERINR) MEMEE R OKRNE) 31— LTRET
e, FLAMEFIHENICHERT 24 7Y 2 VRS o TRDIITH 3 2 W5 BT 2R
w7z

AFEHTIE, T/ NTFOHEEREFRD S FRROBKRTO—BIb XN REEENEL. 22h5
HARICE £ 2R F LA MErFoyafBucfiiz s iwn, &3 2 HmNEREZT5. 256
2. ZOREOVIRNZL M ERGIT 2 2 iz, ZhpEFEOEREHERE T Y OMMEA (R
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ERME[WCEDSE, BEFHOAHES XOREZEM MG L X TllEoHF MR TH 28
FA VAR AYF (quantum instrument) * & TFHIZBWTERT %,

RD FE Y Z1200WT, HFRIFEEIL TV !

(1) BEBTFSOMEE B0
2) BFHBIBI3ETFHEMRYL 208

(LTI, BUTERAIRZEL w2 ER Lo Y hd, HERIRN F T ERENE B H5%
FROT (FFIEREFHRMRIC B W T) ZLOBUENNEE Y BT 5 Z L AEIEE o TW0d, £
B, FTLWFERBETH 528, X DIRANCETHOBRSLEANLZ0b 0 2BIKT 27 T u—
FEREA LM EZIToTWVW5, — /AT, 2) DRTHOMEHEmOVWTE, BICETFNIFRTOE
THEMHRZ IR T 2720 CTREIART, 2FHRNE0 THE 2ZR L TR ZHAL T TV
BRIFNER ST, R OBIKR LB IMENRAIRTH 5, K#HIZZO—RTH S, I

FLZFEF[L,2]DEFY 7L SEBBRTRWE2D 2, FLRMETHREL BRI 2
HEDERLE DERT 5,

FoRFEHRAD THIE i, BEFHos2FEME (XD EMICIIRREE) £+
ADZETH5, PWHEREOL LZBWT, Bt BEWICZERPNRFEEIICH 5 2h 2
NOEBOYHBEIIHE WVICAr 725 2 Th b, £ LT, ARRKRZEEETIT S HIE X 22 /M
BEBICHE LRV WS EHEZHRT e, OB 20 THd, X4 FI TR
B L T, MR R FISIEIEEER 2R e IFRE < 2D, BB EHEERSOX vy
753 Greenberg-Robinson DEH R ¥ L TRENTWVW S,

Haag-Kastler [3] TEA X7z AQFT OM& 22 L 0D, AGHEHTIIE 5O RIE Ham % R
T3, BTGORFZERBAINCAIETRELRYEED R TREOEF Y TH 2BFAFR Y ;b (local net)
&, BFEOETFA YA MR Y FOBF (4,5, 6] ZHE S B HEMICOWTHETIEMENT 2 T 5,

HE 3k
(1] KiFEITE—, /NERFEE, T2IHho3CE2ETS —FLAMEFRCA 7 2 VB ¥ —1, (3
BEE, 2020).
2] K —, TRV T, EEE, 2013) .
[3] R. Haag and D. Kastler, J. Math. Phys. § (1964), 848-861.
[4] M. Ozawa, J. Math. Phys. 25 (1984), 79-87.
[5] K.Okamura and M. Ozawa, J. Math. Phys. 57 (2016), 015209.
[6] K.Okamura, Symmetry 13 (2021), 1183.
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Can quantm walk find the shortest path ?
O #)IMRE BEEX)!, XBiEE (EMKX)?, HWEAEL (EIX)
O Etsuo Segawa(Yokohama Nat. Univ.)', Hiromichu Ohno(Shishu Univ.)?, Leo
Matsuoka(Hiroshima Inst, Tech.)’.

E-mail: segawa-etsuo-tb@ynu.ac.jp

AWFFETIE, FRVARMETOZ ANV T —BEMEORELET V[ E LU TEALONTVIET
T A —7 2] M, REREEELUBEE SN E I DI OWVWTELRT 5. SEIIEH D 728, Grover walk
THEET D, TDO, BEERM T T 702 2, AL HIOE L, kKL ART. 20221
YNV TN—=TEMA, THICAOITY Y7 THIELMAS. HIREE LT, ADEHADEIL T
W—Th o AR — b XH, FEFEEIX Grover walk IZ X AHSEIFRE L 5. T5&, FTIROHEIR
5.

Proposition 1. y, € [0,1]V ZFf% t TORENUIB I EGFHRE T 5. T8
3lim i = preo.
S oI, AIHPIRREZ gy & B &,
peo) = " 1Mcio) (@)

ta)=u

ZZT g & [4] D Case CH UL 1E DITHY T B EAZEBANDREEHZTH 5.
COHEZHWDERD LS HRIENENINDS.

Theorem 1. AV YV FINDT T TNV ) —DL E AR —F & T— )V EFEIRERE & = (a1,...,a,)
L,
supp(ieo) = {ai, ...,a,}U{ IV 7)) —7"}

V) —IZEY A IO T, DLV EBPFELRN. £ 2T IRO XS ITRINE D ITEZ HE
U7z A U DIRRIEEILE DB 0 a2 B X 5. it m, # ¢ ORFGEIREH N r f#H 7 - 72 %5
25, XoIZZDEERER EMIZZENTNEZI L DA ZD), ZDiiimz ZTNZTN AL L B
ET5H5. DI 7R, LTEH.THE

Theorem 2. 77 7 I, DERHK &£ SIEIZ C,...,Cr £ T 5. & C; OREDILPBI & 1 51l
Rep &35 T2Lpi>pjg &5,

SE B
[1] M. Naruse et al., Nano Communication Networks 2 (2011) 189-195.
[2] M. Ohtsu et al., Off -shell archive: 23040.001.v1 (2013).
[3] Yu. Higuchi and E. Segawa, J. Phys. A Math. Theor. 52 (2009) 395202.

[4] N. Konno, E. Segawa, and M. Stefanak. Relation between quantum walks with tails and quantum

walks with sinks on finite graphs, Symmetry, 3, pp. 1169-2021.
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Three-dimensional quantum walk analyses of photon breeding

with respect to photon spin

FLR FRF!, $EEEK?2 Middenii’, T¥BEX ¢

OKiEm— !, HMIti&E?

FEWERA 4, FRRIES ¢

Res. Origin Dressed Photon', Yokohama Ntnl. Univ?, Middenii’, Kogakuin Univ.*

°Motoichi Ohtsu', Etsuo Segawa?, Kenta Yuki**, Seiken Saito*
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[Fx3&] MEEBEEEARTH D Sifdn
IRLVARET (DP) &7 %/ v OfEEY
(DPP) % FH\\\= 7 =— /L% i L CHRUE L 7= %
JtF#EF (LED, L—W—728) b+ 7 ) —7F
47 (PB) EWIOBESLoTeMEEZHT D,
CHIEIZENDONTF =R F— A BT
% PB Bl STV D D, EENEICE LT
B U+—2 (QW) ETFT MLV HIHINT
W5 2, B Ziubid DPP BT =— LERIC
T2 D1 6 ORI 72> T D, KRGk
HTIIFOAE Y (FX) B+ 5 PB %
QW ET /W XV f#T Lo R 2 @i 2 2,
[JFik] = 2 Cid Sifsdhth o B Rk 51
S X TR O & Xy BT O ERR R DG O A S
JEZ X W AERKT D DPP 28 Z OFKFIZEH TiAD B
NOMENPRKRENZ EE2RT WEZIRHD
72T 3WIE QW BT /LZ WS 9, Si fbdh
FKI 3 WICSLIFIRAREE T~ D A (EARR L
WXy ) 128 D& A MTER LT DP I
x BAFICBKEE L, 774/ v ERA LT
DPP %7 %, WRIT y B, z #l 5 A MEVKBE
W5, AR K UK OICELE Sz
BIRFXHCEELMACZO 6N, DY A
i 21x21x21, DP OBk %L FX—J, 7
F /) v L DB TRV F— DT B FHFD
N8 Tk 2 /J=20, EOMTIEL & Liz,

[#E 5 & 222] B J5 7%l Oz To DPP Df

CIADDRERDFHEFERZX 1 1R T,

x10-5
2.0

-
o
T

o
T

Creation probability |{p‘t,(x,y)|2
(arbitrary value)

B Si Si B

2 DPP OFf LiA D DR
M@, O BR324 ~x iih, yvihsma
FWTWDGEDRRTH Y | BiEOENIKRE
WIZEDRDND, IhEDEITPBDESWE
K3 REE DoPB %R 5 & 2% ThoTz, ZiL
FFCORICEDOREME S L D, FOLIZH
THPBZHIT LI LATEL,
[FL®]3 %t QW TF /L% HVREIZET
% PB ZfRHT LTo, © DR FITFEBRIER LA
L7,
[Sz#R] 1) M. Ohtsu, Silicon Light-Emitting Diodes and
Lasers, Springer, Heidelberg (2016) Chapter 3.
2) K, WL KSR, ZERE. O 84 [IIEAEL K
AT S (2023 £ 9 A) EE B 22p-310-7.
3) M. Ohtsu et al., Off-shell Archive (November, 2023)
23110.001.v1. doi 10.14939/23110.001.v1.
4) M. Ohtsu, Off-shell Archive (September, 2021)

2109R.001.v1. doi 10.14939/2109R.001.v1.
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Influence of Matter-System Geometry on Dressed-Photon Localization and Dissipation

) Ja—!, RENSAAK? FLXAMEFHIRERS OC=ZF €', @ FRAZ XE 513
Ricoh Co., Ltd !, Nagahama Inst. Bio-Sci. Tech. 2, Res. Origin Dressed Photon?
°Suguru Sangu', Hayato Saigo?, Motoichi Ohtsu3

E-mail: suguru.sangu@jp.ricoh.com

1. [XFCHIZ

RUA METZEPR E T 2 F R BB R ORREN T A A~DISHABHIRE SN TS, f
X, PR, LTI & STV HBERER SRR L DR 0, FERMEMELE W TZE
KRN FN T A AR ERME SN TWAD[L 2], T DK 9 etz FSIc BV TR S
N5, FLRAMEFORMEZ BREFICIEE L, RIS WERIA~T T2 EDBMBET
b, RERTIE, BIE I 2L—a 2 BE2VIZ, FLX RMEFNS BRI ~DEHLIZ
B L CE R OIERFIED R T RENC DNV TELRT S L L HIC, HEEFOREB LITRD B
HHEE DB OW TR ETT O o

2. HELIaAL—YavIickBHAR
INETOMERIZEL, FLA MTFE2EEO / — RICRES I -FfiEE & LTET
JMEL, FRZEhD ) —RE 58 LELZETO RL R METFOMAEDELZEERIEL L-&T
EEATH OEB) R (Lindblad FFER) ZHUEAICHEE . S FEEOREED SRR F 72 1T SR
R OBEBERZEHTABES I 2L —a v %ol 22T, FLAMEERETD ) —
R&EETHEMEREE CRIERELE LTEEL TV A REZMAL TEEV, AKEVI 2
L—3 3 & O SR DO RERRE D 52 %

~p1w, Fig Lorrascx o mos @ Il \ ‘ 7
— FE Mgt MEICEE LT VA2 S 2o !

Z. ETHEINEICHIT S FL A METO
SHEMRE BN L, 7T 7 ORKEIEE Y 15
DIEEHEN DT L THY . FLA METO 3
AT L TN LTS, & —Fe%s O 1

AR (AL B L 7= % (Fig. 1(a) & BLEIC L 0 Lol j
T A B WIS & AR L T2 R (Fig. 1(b)IZFHBWT Loog | j

o
o
153

=4
o
2

Existence probability
o
o
3

0.02

DR 722 R HER TE . IR s A Ry o

O (EE) JLERIED &R % BRI p——
WZEODHZEMHLNE ST, Fig. 1: LR ED EHEMEOHE Y I = — 3 v

3 B fide (QFITRLE, (b)7 7 A XD Y

FBo K5I, FFEDEEREIEIE S, ZOREP DB EBFFRERIRETH S (F
VA MEF OB EEZ DBEPHERTE D) Zenb, EAPEEZ AT 52 TIEREMREH
KA OB RESND, £lo, HAMBEROEOWEERREIZ Y — 7 REICHY L, ¥ — 27 RED
FAENT VX —BE 2 ET 5 2 & TRORBEEZ RE L, FEDOEEIREDO EA 2L T\,
A TCIE. B HEF U ORR 2 IR & L7omii@iE OPRRIC OV Thakim LoV, Zhid
FLZ M2 L BRI ZRETA & bEHERBEREH 5 b0 LHEET 2,

S 3k

[1] M. Ohtsu, Silicon Light-Emitting Diodes and Lasers: Photon Breeding Devices Using Dressed Photons
(Nano-Optics and Nanophotonics) (Springer, 2016).

[2] N. Tate, et al., Sci. Rep. 5 (2015) 12762.

[3]1 =& - fth, % 84 IS A2 PARRIR S S THISE(2023) 22p-A310-8.
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Laser light controlled microdroplet robot
Ot Bz kS BHES ZRFZ B IES, mAEE!
(BEZZARFEIZEH ' MASKRL LBEXRFEEFREHAREN)

OMasayuki Naya, Mamoru Sato!, Shinya Hakuta', Hideyuki Mitomo', Kuniharu Ijiro', Toshiharu Saiki

1

(*Keio Univ. ,*Naya-lab., *Hokkaido Univ.)

1. IZL®IZ
HONHEE 2 - TH O+ 298 %
TITATH—LES D, TIT 4T ~H—
1. FEEHRRREIC BT H RS AT E D
IR, BREEAZFH LIZBRAER EIZORND
A N 1y SR G R Wl [ NN < A - A
R, PUINRIRIC X DR e B s e &~ D
ISR ERNHIREE AL, ITE, L (b AW,
B, Mk, SEIEROHENLOEAN
FL o TWb, < DOIIRIZ. &5 LDIE
TET D EAPRL 7O 72 E D, 4 & D\
EHRREEZE Y > TW\D, ZTHL.,
FxlT, BERNDSZ LT, BAENSIER, @
%, EER LY, ZT0TRTOT akRAE ANED
ICHHBIZa Yy b — LV TEBRT VT 4 T~ H—
OEBZBHELTND, AHEETIE, L—Wk
® ON/OFF |2 X » THAE - kL, SHiIcb—
PHDNRT —7p IS LT HIBEIEE A

ETAHvA 7 aiEin Ry MOWTHRET 5,

2. FEER

AR D DR FE 1R ) DR AR & ARAE R
MO EZR AR ) DRI DOIRE W DT D —ERIZ
& FRE L. SEEN R TR 2 i IR AE IR &
T 5 2 & Ty AR MRS U7 fEI R 23 T AR
95, AU, EEGHEIZ X BRI EIC X
DINE DI, B~ T v I =3hi, BE~T
T =R FEOMBIERIZ X » T U—V ¢ IR E
W RPETH E R ERE IR E U TR E ST 5
TETHELDHEETHD 2,

Foxid, L—VHBEIC L > TABETIEMAE
NEALIADLNAEYT Y FA v TFEEIC L - T,
BARGR & BT, KOV, o R A
o FREENTD A = A ABAEIRTE N HAE L.
S BT L — R OB E THEE OB BN 3 FTRE T
HHZEERLE D, EBlT, BT L—
HDRERE —LIRITIKAFE L T, ALK
T HCBRENES T2 2 2 RHLEE 9 K1
W2y Ay FHEEDOERZ LR, HWTZK
Kix, =% 7 —v (GHEBEE»SRFmIES)
ERY =F L7 ) a—)L (PEG200: RIEFEMED
OEFEMEET]) DIRAKTHDH, ZORE, &
DA L= T AR E S 5 — DT
A IATe Z & T A E T oMKW T

Ai
Glass r
| / |

Droplet
| _ |
Au Film
Laser (532nm)

1. 42y FRBERTORBERE

Reservoir

3-5um

CMOS#H * 7

y L—¥
BEXE
YL X
R e 7
L X (YA EICTBED)
N HEXE

L—H
A=532(nm)

P CMOSH % 5
X 2. EREBNXFR

AZAHABRE LY o= L. JUE L T
RWESENERESND, X2 IR TEBRRIC
X, ELREOEFEIL—Y (EE 532nm)
T D L SORBGHRIC X - TR
BRET ., FRICXL > CL—PHRORENIEIC
TN FEAET D, WIRBEHE L TRV 2E5E
TR NEAET HEHIE, — R, RIENEN L
RZ 5T  FmIENIC L > T+ nm F25%
DOENEIEORIERIE (7 ) 71—V ) BNk S
NTWBZOTHD Y,

3. EBRRER
(a) IR T IR

X 31%, JEE 25nm DOEIREETEAL LT B
B E W EROBERTH D, ZORTIE,
283 O TN = > T RKUTIRAL S
nNTnsd, RIRTE@EY, L—¥H% ON 75
Z & T 2o T REIRI S U N IR R 3 AR L
L—Y% OFF 45 Z & Tk A BRI [f] 7>
STIRRES> TN Z ENBUAI S iz, EEE
BORKE LT, =¥ ) — )VORPFEHIZK
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0. 7V H—HEO PEG EEEABR AN 7] 2> -
TELR->TEY, 2D L) RBEEAROT T,
R~ Z > I =%hi, KON Fick ANC X % i
5D PEG DIEHIZ KX ABEN IR A T T b7
bEEZBRND,

L —YOFF

LU—HON
3. BEMORELRUHL

ZERE N RIAE o THEHASN TV D 5E
i3, bR E 2 L & LR O A
i 7R EREB 84 C 5, T OJRIAE LT
R O TIZIERIETN AL D Z & i 1T
PEG JRIEDARYE)—E, RIREI AL 434035
AL, IR~ 7 T =5 RO IR FREC L -
TEEIANELTWDL Z LR ENEZBND,

@%ﬁﬁ 2
11/7 g \ —
L =43k
laum
X 4. &EDBREER

(b) &7F /KL T FEER ©

BEEL DN SEEIE W S D [ O 72 B AR
Xy hT =7 NAEU D & & DR OEE) 2 R
T 576, Fox IZERE 40nm D4 T ) ok T &2 3%
1T AN S A O - - = LAY e = o
ST, R EICHEE 532nm O L—YNET T 4
— AL TIRWEIPHICIRE 35 & AR > b
IR ET 2B OMKL T2 8T 28 —0
RN SND, 74 —H A —LDRFTAE
C AWM OBIRITEN DI L, T 74 —0
O I IR - DA BRI AR IR LT T A
—ROFBIR E 72D, BT, X, L—W
ARy NOALEDOBENT S U CTHEMEICER L
DO LU—YHITGERT D, Thid, HrbiR

Glass
[ |

Reservoir Droplet
[ 1
Au,particles
Laser (532nm)

X 5. &7/ HFIHERERR

—MEEEAL — —FRFAERRFEL4EAFERRE

WRB D OEFOTZOITEE IR EAAR Y b &
Ho TEWNTWA X IICR % 5 (Fig. 2), ZDH
LIE, BT RTOT T XE ABORET L
HLH ) — VDRI L HEGRE RO . B
F NPT 72 PEG B CAE L DIRE~ T =
=R . — A U T2 ik 2N 8 5 o ok -
EHEWCTHOXRMEEE /MR E ) T 5K
HIENOHEMRERICE 2 b0 EEZ NS,

. Laser Spot / |
el g o g
wv v .

Droplet’

‘®6. TIX—HRAKDBEIZEYERT S
WEDER

4. FL

AR DG - IR 2 St KA v T8
PAIEZ WD Z & T, L—Y oIz L -
T, BN OFAE - BE) - HIREHIET 5 2
CWRARECTH D L HBR LTz, AL DHEHHIZE
IR 7B AT 5 2 b 2 OEEIE
TIT 4TI T h~E—=LEZTRY, AAHH
WCHEL TWADIZL—HF ARy FORRE - B
OB THDHIZHb LT, RS H S EME
WA Z 5O, HilExrg () L&RE (&
ki 7472 ) L OMEMAEERICE D LD
Thb, Fexld., 20X ) REMELZRIAL T,
RAOBRE @S L CBREIT 2 H k2 /35
TRy FRL ITHRTE L7V HARFNRE ~ D i
EEZTND,

ARFGEIE, SCHEITE T - BTREZ 7 v
Ty T Ta s g A, TR E IR 5T
W) 1. BONT W& - 73 2 pEi L [FIF 7L
R OB EZ T T D,

ZE IR

1) S. Ramaswamy, Annual Review of Condensed
Matter Physics. 1 (1): 323-345.

2) A. Ksenia, et al.,, Colloids and Surfaces A:
Physicochem. Eng. Aspects 521(2017) 22-29.

3) Y. Takamatsu, et al., Micromachines, 14(7),
(2023),1460

4 BB, 5 69 SIS A FRE
Al (2022) AT TAAER 23a-D315-6.

5) Yonatan Dukler, et.al., Phys. Rev. Fluids 5(2020)
034002

6) WBEB LA, 55 70 [EG AP A F R
a2 (2023)  GATE TAAER 18p-A201-5.
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A quantum walk model for dressed photons with energy dissipation
KiE T— (—8) FLR FAEFHRARER)
Motoichi Ohtsu (Research Origin for Dressed Photon)

1. 1ZC®»IC

KL A MET (DP) 3SR ST/ ~Hk
Wit (NP) RBFFI2HT. &1 BiEr) Lo
MEERIZTERSIEFSETHY . TN
ST/ EBLREALTRVANETT &
/v (DPP) %7 5, DP DFEBRMFIEILIKE
TS EZT T D, BRI L IRD X D IR
FZLIHRRELTND,

[1] DP OAEROBGS « & - W'EHE AAEH % ik
THET7 = VRERER S L, £ LT NP
BT D RETE R - WEFE EAEH ORE SR,
spacelike ¥ 3 7 T b DEEIZ LV timelike
~ 3T FTRA &R DRMBAERR L. T DXTY
WX VARKRT IR V8N DP THDHZ &N
IRENTZ, EHIZDPOFATENEHSA, =
OHG & FTHiim & OB\N Y N RH Sz 2
[2]DP D= /X —B@) : BENZFEL, 74 A
74 —27 (RW) EF /LTt S 5Bzl
b FormEIicZibtd+ o2, NPOREZHA
BB ET S 2 LR ERNERICK VRSN
TWa D, ZhbidETrryr—7 (QW) T /V
N THDLI L ERBLTWD, 2725 QW
ETNVEEHRBS OB N AIEE Y THDLDHRT
7o, ERNBIEMEZ AT & 75O RIRICE
ALY 2N ETO QW HERIZE DIEE D IFHE )
DP = /)L —FEho A7 £ & ofRELIMEE R
BLTWDHNHThD, IDITEDRFZERES
BRUIATHN 2 o TR o e L v |
T B oM EEROIE Tt L AT D0
HTHDH, RHEHTIE QW BTNV ZH > 725l
FHEAREBE L, B L LSS DP = R F—
BEh &l 4 2 FEORRAZRET S,

2. T RILX—HUROEA

ZITIETY ay (S fmEHWEREFE O
BlEEY EF5, $2bbzofED DI
T DPPEEMAT =— iz k> CTHEMIZAR SN
72 BJRFxHC L % DPP DA R/E UiAD DB G %
T+ 5, ZNETD QW BT /U X 5
BIZ LY B T7%I23 DPPHEH 7 = — L H O R
KA & mMEEHNICHES., S5 BJFR
FRFOR SN SifEFEED 2-3 5D%4A BT
SMZAR LT Z® 55 DPP DRESR N R KIC
b ERNEH S, ERERELEKLE

6)

IHHOEMEE T SifERONE TOHER

o Tb, Lo L Al (observable) ¥ Bl i
FERWES T S BARFE 06 HET DD
TRNAF— W, BTl ThDH LT
EEINTEW, 20O HIZ AIRRICT D720,
Si fE RPN ER TR S 72 DPP O L X —Hik
NENTTE D QW BT LT 20N D 5,
LRI oEFEOFF & LT FoiES) &
BT ATV —F 4 7 (PBYDH G A EY
EiF5, 2B, HTFOZF X —IZBT S PBIT
TCICERICEVHERINTWEN D FEIHEIC
B L CIIREHR SN TV Y, #F 2 TERIC
HEST > T QW BT /LT L DM THERT %,

I THTOEBNEIZE T 5 PB &L, Sifbidh
T OJFEAIZHRE LT DP 23 ur 2 O JR 12 Bk
T LB, R EB) & & [F 5 A BT S i
ENBNZ EEEWT D, LMErLINSDHR
Z R C & 5 DI Sifdh O DPP O T RV —
3 U C Si RN B S L A BRI O R
PEZB L TORTHD, THbb ARy &
ELTOZRNAF—HRELFLDTES QW £
TNRPELEIND, OO 2RITHKE T
FIVERET H &, DPP OWREER 7 F LR D
roricEzRaEns v,

l/7z,(x,y) =" [yDP+ Yop— Vewonon  Vais ],,(X,y) )

Z 2 TH B3RS T ODPPEZE L b,
Vpp FEEMT R 7 1A BT % DP D AF(ETk
TR, Y, T OENEET, F 4
FRATIE T ARV —BOR OFE R Si A AN
ToHHSERL, ThiT

[ydi:,t,(x,y),:| = [yDP+,di: Ypp-ais yPhanonO:I @)

£,(x.)

THD, TOF N F 2T Yppogss Yoreais P
FAEPIEE 2 XDOF 1 H. & 2HTD ypp,
Ypp. COY | Fx AFHCOEET 710 & [F T 510,
WAL, E72. 74/ E Ypponono (&2

TEINTWDLN, iAo MEZBKEE L7
WO TR X —OHGRITE G L7,

F R O K228 R TR OREATH D
T BT =% VITFITIER <, ZOHICH
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AR B k 2 E T, B0k <1Th
2o

3. MERLEE

L |yDP+,dis ’ yDP—,dis|2 Dfit & 3R L7Z#i R T
B, ZHUEBEFSHICRAE LY Ypp o Ypp. I
ERT R 2L —% B RO A
FOBEEEL TR LEZLDOTHD, T XTOY
A MEBOT |y > [ora BB EDD,
ANHEoEEN R & [ UGBk LT Si fifihsk
I SN EN N L T biET)
BT A T TV =T 4 T ERLTND,

x104
8 |)’DP+,dis

L

|3’DP—,dis

N

BY)

|2

IZ

SRR (EEH
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Mathematics of energy transfer problem of quantum walks
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Superradiance process of dressed photons induced by spatial defect structures
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