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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 Schrödinger’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.
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CW	 Continuous wave
DHR	 Doplicher-Haag-Roberts
DP		 Dressed photon
EPR	 Einstein-Podolsky-Rosen
FWHM	 Full-width at half-maximum
GNS	 Gel’fand-Naimark-Segal
GR		 Greenberg-Robinson
KG		 Klein-Gordon
LED	 Light-emitting diode
LSZ	 Lehmann-Symanzik-Zimmermann
MMD	 Micro-macro duality
NDE	 Near-death experience
NL		 Nakanishi-Lautrup
nm		 Nanometer
NPi		 ith-nanoparticle when i is attached to NP
PB		 Photon breeding
PCVD	 Photochemical vapor deposition
PMMA	 Polymethyl methacrylate
PP		 Psi phenomenon
QED	 Quantum electrodynamics
QFT	 Quantum field theory
QM	 Quantum mechanics
SCSB	 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.
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Figure 1. Experimental methods for generating DPs: (a) on a nanometer-sized particle; (b) on the tip of a fiber probe; (c) on bumps of a rough material 
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 Schrödinger’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])
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2.	 The DP field is conspicuously disturbed and demolished by the insertion of NP2 for detection. (cf. Ch. 1 of [7])
3.	 The efficiency of the DP energy transfer between the two NPs is the highest when the sizes of the NPs are equal. 

(cf. [8])
4.	 An electric-dipole-forbidden transition is allowed. (cf. Ch. 3 of [1])
5.	 The DP energy autonomously transfers among NPs. (cf. [9])
6.	 The irradiation photon energy hv can be lower than the excitation energy of the electron Eexcite. (cf. [10])
7.	 The maximum size a(DP, Max) of the DP is 40-70 nm. (cf. [11])
8.	 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 hvem is equal to the photon energy hvanneal used for the annealing. (cf. 
Ch. 1 and Ch. 3 of [12])

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 NP1, the DP must be converted to propagating scattered light. 
This can be performed by inserting NP2 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 NP1 and NP2 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 NP2 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(C2H5)2 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(C2H5)2 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(C2H5)2 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(C2H5)2 molecule. By 
noting this requirement, the following ingenious contrivances (i) and (ii) were employed to confirm that the Zn(C2H5)2 
molecules were dissociated by the above DP.

(i) The wavelength of the propagating light for creating the DP was set longer than 270 nm. However, the 
Zn(C2H5)2 molecules were expected to be dissociated by the DP on the tip due to the following phenomenon. 
Phenomenon 6: The irradiation photon energy hv can be lower than the excitation energy of the electron Eexcite.
That is, since the created DP is the quantum field accompanying the energies of the excitons (Eexcite) and phonons 
(Ephonon) at the tip of the fiber probe, its energy is expressed as hvDP = hv + Eexcite + Ephonon. Thus, even though hv < Eexcite, 
the DP energy hvDP can be greater than Eexcite [10].

(ii) The Zn(C2H5)2 molecules were replaced by Zn(acac)2 molecules [20]. Zn(acac)2 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(C2H5)2 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)2 molecules were used [20]. The wavelength of the propagating light for 
creating the DP was 457 nm.
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Figure 2. Shear-force microscopic images of Zn-NPs formed on sapphire substrates. The dissociated molecules are Zn(C2H5)2 ((a) and (b)) and 
Zn(acac)2 (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 a(DP, Max) of 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 2aP of the 
fiber probe (aP = 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 a(DP, Max) 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 Cl2 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 Cl 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 O2 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 O2 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 O2 molecules, light with a longer wavelength λDP = 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 λConventional 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 λDP = 325 nm and λConventional = 213 nm, respectively. The downward arrows represent the 

values of l that are equal to the above wavelengths.
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In Figures 3(a) and 3(b), the surface roughness was evaluated from its standard deviation σ(l). The horizontal axis 
l represents the period of the roughness of the surface. The vertical axis represents the ratio σafter/σbefore between the σ(l) 
values before (σbefore) and after (σafter) etching [29]. Figure 3(a) shows that σafter/σbefore < 1 in the range l < λDP, through 
which the contribution of the subwavelength-sized DP is confirmed. A drastic decrease in σafter/σbefore can be observed 
in the range l < 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 σafter/σbefore < 1 in the range l > λConventional. 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].

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 λanneal = 1.342 µm). Because its 
photon energy hvanneal (= 0.925 eV) was sufficiently lower than the bandgap energy Eg (= 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 102-103 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 Eg. 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 hvem at Eg – 3Ephonon, where Ephonon 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 
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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 h/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 Γ-point) 
to occur. Since the phonon momentum is h/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, hvem is expressed as Eg – 3Ephonon, and its value is 0.93 eV (Ephonon 
= 65 meV), which is nearly equal to the photon energy hvanneal (= 0.95 eV) irradiated during DP-assisted annealing. This 
indicates that the irradiated light served as a breeder that created a photon with energy hvem = hvanneal  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 hvem is equal to the photon energy hvanneal 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 
| |τ  < 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 τ = 0, although it is less than 1 × 10−2. 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 µm 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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density J = 42 A/cm2) and below (J = 38 A/cm2) the threshold, respectively. The threshold current density Jth is 40 A/cm2. (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 ,H  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 𝔉, and an observable is shown to be an element of a certain partial ring of (  ).∈A F A F  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 𝔉 and its transformation group G. In the case where 𝔉 possesses the internal symmetry associated with the action 
of G, the observable 𝔄, is usually given by the fixed partial ring of 𝔉 denoted by the symbol.

                                                                      , ( , ( / ))G G Gal= ∈ =A F A F F A                                                                  (1)

where Gal denotes the Galois group fixing 𝔄 in 𝔉.
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 𝔄. 
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 𝔄, we can construct not only G but also 𝔉 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 𝔄. In what follows, we use the terms state and representation synonymously. In algebraic 
QFT, the state ꞷ of 𝔄 is alternatively referred to as the Gel’fand-Naimark-Segal (GNS) representation ( , )ω ωπH  where 

 and πH  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 π1(A) and π2(A) 
of physical quantity A, we mean the unitary equivalence of 1

2 1( ) ( ) ,A U A Uπ π −=  where U denotes a unitary operator. 
If we employ this, then π1 and π2 become nonequivalent even in the case that their difference is only multiplicity, for 
instance, of the form π1 = π and 2 .π π π= ⊕  Ojima reached the solution that, as the classification of representations, if 
we employ the notion of quasi-equivalence 1 2π π≈  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 π1 and π2 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 
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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 φ, 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 /in outφ  long before and after the collision event, 
which can be mathematically described as asymptotic fields /as in outφ φ→  realized at 0 ,x → ∞  where x0 

denotes time in the spacetime Lorentzian coordinates 0 1 2 3( , , , ).x x x x x=  
For simplicity, we assume that the field φ is a scalar field parameterized by a given mass m. The equations of 

motion for φ and asφ  become

                                                                2( ) ( ) (polynomial in ) : Hm x Jϕ ϕ+ = =                                                             (2)

                                                                                 2( ) ( ) 0asm xφ+ =                                                                             (3)

where the nonlinear term JH is called the Heisenberg source current. Note that compared to the φ field, a nonlinear term 
is missing for the asφ  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 φ, then we have

                                                                    / 0( ) ( ) (as )in outx x xϕ φ→ → ∞                                                                 (4)

                                                        1
0( ) {( )( [ ( ) 1]exp( ))}in

Hx S id T x iJϕ ω ϕ φ−= ⊗ ⊗ ⊗                                                     (5)

                                                                 1
0{( )( [ ( ) 1]exp( ))}out

Hid T x iJ Sω ϕ φ −= ⊗ ⊗ ⊗                                                    (6)

The two symbols {S} defined as

                                           0 0{( )( exp( ))} {( )( exp( ))}in out
H HS id T iJ id T iJω φ ω φ= ⊗ ⊗ = ⊗ ⊗                                       (7)

and /{exp( )}in out
HiJ φ⊗  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 φ.
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 φ generated from JH can be transformed into asymptotic 
field(s) asφ  specified by Equation (3), and this field

(i)	 satisfies, with sufficient accuracy, the on-shell condition for the associated 4-momentum pμ having the form 
2 0,v

vp p m= ≥  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

(ii)	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) asφ  are what Equations (5) and (6) mean, and the 

important relation between φ and asφ  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 /in outφ  mentioned above resembles this scattering phenomenon in form, where /in outφ  correspond 
to the incident and reflected outgoing light fields far from the particle. The substantial difference is that the Heisenberg 
field φ 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 
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to Haag’s no-go theorem [55] stating that there exist no unitary transformations connecting inφ  and .outφ  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 2 0v

vp p m= <  (cf. 2 0v
vp p m= ≥  explained in item (i) of field(s) asφ ) 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 2 0v
vp p m= <  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 μ 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.

                                                   ( ) [ ( )]v v v v
v v v v vj F A A A Aµ µ µ µ µ µ= ∂ = ∂ ∂ − ∂ = −∂ ∂ + ∂ ∂                                                (8)

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

                                                                          
1
4

v v vT F F F Fσ στ
µ µσ µ στη= − +

                                                                     
(9)

where v
µη  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 v

v A∂  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 0v

v A∂ =  can be generalized through the introduction of covariant linear gauges 
of the form.
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ℒ B
2 ; 0, 0

2
v v v

v v vB A B A Bα αβ= ∂ + ∂ + = ∂ ∂ = (10)

where ℒB, B and α 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 ,v

v A∂  the Feynman gauge corresponding to α = 1 in Equation (10) is particularly important. The total 
Lagrangian density ℒtotal and its first variation with this gauge become

ℒ total                                                                                 .            
1

4

1

2
02F F A F A Av

v v( ) [ ( )]  (11)

By comparing the second equation in Equation (11) with Equation (8), we obtain

0, , 0µA A B B� � �
� � �� � � � � � � � � . (12)

In the conventional analysis of the energy-momentum conservation of Equation (9), we usually interpret 
0v

vT F jν ν
µ µ∂ = =  as the consequence of jv = 0, namely, no electric current exists. Note, however, that since Equation 

(8) reduces to { ( )}vj F Aµ µ µ ν
ν ν= ∂ = ∂ ∂  by the first equation in Equation (12), this also holds well for the case in which 

we have ( )v
vT F Aν µ ν

µ µ ν∂ ∂=∂  = 0 under the condition that nonzero current ( )Aµ ν
ν∂ ∂  (physically different from the 

electric current) is parallel to a Poynting vector field associated with ( ).( )v vF F Aµ ν
µ µ ν∂⊥ ∂  Thus, we have shown that a 

longitudinal wave “current” having the form of

 )( ( )) vj F Aµ µ µ ν
ν ν= ∂ = ∂ ∂             (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 Bν

ν∂ ∂  = 0 in Equation (12) formally corresponds to the 
gauge-invariant condition relating to conservation of “the current” {( ( )}.j A  

Next, we consider the extension of the Maxwell equation to the spacelike momentum domain 2v
vp p m=  < 0. For 

the brevity of notation, in what follows, we redefine Aν
ν∂  as ϕ, namely,

   : , 0A� �
� �� �� � � � �                     (14)

The “gauge-invariant” orthogonality condition ( )  µF
�

� �� ��� 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 λ, ϕ) Clebsch parameterization (CP) to represent vector potential U μ of spacelike 
electromagnetic field S μv 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 μ and S μv 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 μ belonging to this category satisfies the lightlike condition of (Uv)*Uv = 0, where (·)∗ denotes the complex 

conjugate of (·). In this case, Uμ is defined in terms of two parameters λ and ϕ satisfying the following equations.

        ( )2
0 , 0, 0µU ν ν

µ ν νλ φ λ κ λ φ= ∂ ∂ ∂ − = ∂ ∂ =     (15)

where κ0 (or its inverse ldp :=  0
1( )κ − ) denotes an important constant called the DP constant referred to in section 2. For 

concise representations of S μv and the associated energy-momentum tensor ˆ ,vTµ  we introduce two gradient vector fields 
that are perpendicular to each other:
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: ,  : , 0.µ µL C C L�� � �� �� � � � � (16)

With these new notations, the covariant representation of Sμv is given by a simple bivector of the form

,v v vS L C L Cµ µ µ= −        (17)

and we can show that Uμ is a tangential vector field along a null geodesic satisfying the wave equation on the right side:

 2

0    0,  ( )   0.µ µ
µ µU U S U U U� � �

� � � �� �� � ��� � � �   (18)

The energy-momentum tensor ˆ vTµ  corresponding to Equation (9) is defined as

 0,ˆ    ,  :v v
µT S S C C L L�� �

� � � �� �� � � �                  (19)

    2

0 0.ˆ ( )v
µ µT S S S U�� �

� � � � � �� � � � � (20)

We see that ˆ vTµ  has dual representations of wave field µS Sνσ
σ  and particle field C Cν

µρ , and the condition of negative 
density ρ < 0 corresponds to the removal of the particle mode in QED.

Category II
For spacelike Uμ that satisfies (Uv)*Uv < 0 and is advected along a geodesic, it is redefined as

1: ( ),  0,
2

v
µU C L U Uµ µ ν µλ φ= − ∂ = (21)

2 2
0 0( ) 0,  ( ) 0,  0.vC Lν ν

ν ν νλ κ λ φ κ φ∂ ∂ − = ∂ ∂ − = =                            (22)

The form of Sμv remains the same as Equation (17), while ˆ vTµ  in this case assumes the form of

1
,  ˆ ˆ ˆˆ :

2

v v vT S S S S S .� ��
� �� �� � ���� �� ��� �� � (23)

Since Ŝαβγδ  has the same antisymmetric properties as the Riemann tensor ,Rαβγδ  including the first Bianchi identity   

[ ]Ŝα βγδ  = 0, ˆ vTµ  becomes isomorphic to the Einstein tensor : / 2.v v vG R Rgµ µ µ= −

4.2 Novel heuristic model of a DP

In the preceding subsection, we have shown that the spacelike electromagnetic field Sμv can be decomposed into 
a spacelike bivector of the form 2

0( ) 0ν
ν λ κ λ∂ ∂ − = . 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 λ and the 
Dirac equation

( ) 0,vi mνγ ∂ + Ψ = (24)

which can be regarded as the “square root” of the timelike KG (type) equation: 2( ) 0mν
ν∂ ∂ + Ψ = . The Dirac equation 

for 2
0( ( ) ) 0ν

ν κ−∂ ∂ Ψ =  therefore becomes

0( ) 0vi νγ κ∂ + Ψ = .                                                                          (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 γ matrix become purely imaginary, so it reduces to ( )( ) 0v
M mνγ ∂ + Ψ = , 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 2

0( ) 0.ν
ν λ κ λ∂ ∂ − =  

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 (Mμν , p

μ) and (Nμν , q
μ), respectively. Note that two 

such fields can share the same Pauli-Lubanski vector Wμ describing the spin state of moving particles. Namely,

                                                                              ,  v v
v vM p N q Wµ µ µ= =                                                                        (26)

where linear momenta pμ and qv are orthogonal, i.e., pvqv = 0. As we have shown in the preceding subsection, the 
spacelike electromagnetic field Sμv is represented by a couple of simple bivector fields Lμ and Cμ 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 pvqv = 0, and the bosonic property of spin 1 is realized by sharing the 
same Wμ, 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 0( ) ( ),x rδ δ  where 
r denotes the spatial coordinate(s). In our present analysis, we employ a spherical coordinate system in which r 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 0 0

0( , ) exp( ) ( ),ˆ x r k x R r� � �  where 
R(r) satisfies

                                                          
2 2 2 2

0 0

2
( ) 0, ( ) ( ) ( ) 0,ˆ ˆ :r rR R k

r
� � �� �� �� � �� �

                                                    
(27)

the solution of which is known as the Yukawa potential

                                                                               ( ) exp( ) / ,ˆrR r r rκ= −                                                                         (28)

which rapidly falls off as r increases.
In the classical scenario, we can usually interpret a pair of these unstable solutions as follows. While 0

( ) 0:  exp( ) ( )ˆ k x R r� � � � 
0

( ) 0:  exp( ) ( )ˆ k x R r� � � �  decays, 0

( ) 0  exp( ) ( )ˆ 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 Sμv 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 2 2

0( )ˆ ( )r nκ κ=  , 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 r Wµ
v

µ
v

µ
v

µ .                                                                  (29)

A Clebsch dual field arises from any pair of [(pμ, qμ), (qμ, rμ), (rμ, qμ)], each of which can be regarded as a “virtual 
photon field” moving along one direction of (x1, x2, x3). 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 3
g

M  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 3

g
M  and nonground states occur, 

which would make 3
g

M  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 ˆ vTµ  of the Clebsch dual field is isomorphic to the Einstein tensor Gμv which facilitates obtaining 3

g
M  in the 

theory of general relativity. Recall that ˆ vTµ  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 ˆ vTµ  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 λgμv, and the value of λ derived by Planck satellite observations [65] is λobs 
≈ 3.2 × 10-53 m-2. Although our model ˆ vTµ  is quite different from λgμv,we can define a reduced cosmological constant λDP 
as the trace of ˆ vTµ  and the λDP estimated by the DP experiments explained in subsection 2.2 turns out to be λDP ≈ 2.47 × 
10-53 m-2, which is very close to λobs.

Regarding the physical meaning of the cosmological term λgμv, 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 gμv 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 :Wαβγδ  

                                                            
2 2 .1 0,  :

4v vW W g W W W Wαβγ αβγδ
µαβγ µ αβγδ− = =

                                                     
(30)

Based on this identity, we can redefine metric tensor gμv as
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under the condition that W2 ≠ 0. Then, the cosmological term λgμv with a certain meaningful constant λ 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 W2 ≠ 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 5th dimensiol Minkowsky space 5R

“Big bangˮ

“Big bangˮ

Matter

Anti-matter

Anti-time evolution

: Pair creation of the present universe

Pair creation of the subsequent phase

Expansion as time evolution

ldm

ldmEvent horizon in 5R
 
(*)

: Pair creation of the subsequent universe

(*) Event horizon in 5R
 
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 5R .

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 λDP, and SCSB of the gravitational field 
corresponds to the emergence of a nonzero W2 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 Wαβγδ 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 λgμv, they argue that the choice of
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3dm DP DPλ λ λ − −− >= ≈− ×
                                                        

(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 λDP here is because we employ the sign 
convention (+ − − −) for metric tensor gμv. 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 ⟹ (λdm, 0, 0, 0)
Dark energy ⟹ (0, –λdm, –λdm, –λdm)

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 ldm dm( ) 1  gives the characteristic length scale of 

our universe. Immediately after the SCSB event, the magnitude of the emergent W2 would be quite small. However, the 
local maxima of W2 work as the cores of universal gravitation, so such cores become the seeds of galactic formation. 
Note that the smallness of W2 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 1

0  ( )dpl � ��  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 ldp ≈ 50 nm gives the geometric mean of the smallest Planck 
length lp and the largest characteristic length scale of our universe ldm dm( ) ,1  where λdm is given by Equation (32). 
Namely, ldp 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 AI evolution beyond which AI 
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 AI singularity. In one of his books entitled 
Shadows of the Mind [70], Penrose eloquently argues that, on the basis of Gödel’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 AI essentially depends.

We can say that views on human consciousness conflicting with AI singularity are shared by not a few scientists 
and philosophers even in the western community. Hungarian philosopher of science László [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 László. 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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