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THE 2nd OFF-SHELL SCIENCE GRAND PRIZE  

 
[1] Call for application, an award winner, and award ceremony 
【第二回オフシェル科学大賞： 募集案内、受賞者発表、授賞式】 
 
 

VIDEO LECTURES 
 

[1] 大津元一、「ドレスト光子フォノンの最適散逸と自律的移動経路」 

(2024 年 9 月) 
その１ https://www.youtube.com/watch?v=bTSnf4_6q58 
その２ https://www.youtube.com/watch?v=I8Ly0HZAAHU 

 
[2] 大津元一、「3 次元量子ウォークモデルによる偏光に関する光子ブリーディ

ングの記述」(2024 年 3 月) 
その１ https://www.youtube.com/watch?v=ZyB7sVHuYgM 
その２ https://www.youtube.com/watch?v=SibIxg99LYw 

 
[3] 大津元一、「ドレスト光子量子ウォークモデルへのエネルギー散逸の導入」 

 (2024 年 1 月) 
その１ https://www.youtube.com/watch?v=ixulubpp9hY 
その２ https://www.youtube.com/watch?v=k1boE-R45VE 

  

https://www.youtube.com/watch?v=ZyB7sVHuYgM
https://www.youtube.com/watch?v=SibIxg99LYw
https://www.youtube.com/watch?v=ixulubpp9hY
https://www.youtube.com/watch?v=k1boE-R45VE
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[III] REVIEW PAPERS 
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【坂野斎、「流れが誘導する平衡から遠い量子構造Ⅳ」、第85回応用物理学会
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Innovation, Tokyo) paper number A08-18p-VI-01. 

【納谷昌之、佐藤守、白田真也、三友秀之、居城邦治、斉木敏治、「レーザ光

制御マイクロ液滴ロボット」、レーザー学会学術講演会第44回年次大会予稿
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[17] M. Ohtsu, “A quantum walk model for dressed photons with energy dissipation 
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paper number S03-18p-VIII-05. 
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[18] E. Segawa, “Mathematics of energy transfer problem of quantum walk,”  
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未来を拓く
オフシェル科学大賞

量子場は現代物理学における根本概念ですが、 粒子描像に還元できる
「オンシェル」的な側面の研究に比べ、 相互作用の本質に関わる

「オフシェル」的な側面への数理的な研究は未開発の状態でした。
しかし最近のナノ寸法の複合系の量子場であるドレスト光子の理誦的
研究により、 相互作用する量子場を正面から扱う「オフシェル科学」
の先導的研究が著しく進みました。 その結果ドレスト光子が関わる新奇

な実験結果が説明され、 理誦と 実験との結びつきが強まると同時に、
物理学や数学の幅広い研究分野との予期せぬ新たな連携が生まれつつあります。

未来の科学技術の発展に貢献するため、第２回(2024年度）は
オフシェル科学研究の促進に資する優れた「問題」を募集します。

応募の中から優れた「問題」(3件程度）を選び表彰します。
副賞として30万円 (1件あたり）を差し上げます（※注1) 。

応募資格 l 若手中堅の研究者

次の二書類を提出
①問題提案書（※注2.3)

応募方法 I 1. 問題の題名 (20字以内）

2 問題の内容説明 (3,000字以内）

②応募者の経歴、 研究業績など（※注3)

審査方法 l 有識者で構成する審査委員会による書類審査

募集日程等I

ー 上記の二書類を下記に郵送（応募締め切り日の消印有効）

応募書類

提出先

〒221-0022

神奈川県横浜市神奈川区守屋町3-13-19 1 号館 1 階

一般社団法人 ドレスト光子研究起点

第 2 回オフシェル科学大賞事務局 宛

、

参考の上、問題をご考案、ご執筆下さい。
（※注3)問題提案書用紙、

ダウンロ ー ドして下さい。

お霞い合わせ► rodrep-generalorodrep.or.jp 

◆募集締め切り︓令和6年    8月16日（金）
◆受賞者発表　︓令和6年 10月18日（金）

（審査結果は下記の法人のHPなどで公表します。） 

又は右のQRコ ー ドから、及び経歴書等などの記載用紙は下記ウェブサイト

表彰します。
 （※注2)Symmetry誌のSpecial Issue "Quantum Fields and Off-shell Sciences"所収の論文などを

 （※注1)次回以降の募集ではこれらの受賞問題を提示し その解決に重要な貢献をする論文を募集し

これらの論文リストは下記ウェブサイトをご覧下さい。



第 2回オフシェル科学大賞　受賞者発表

　6名の有識者からなる審査委員会における厳正な審査の結果、第 2回オフシェル科学
大賞（注１）の受賞者を下記のように決定しました。近日中に受賞者に賞状、副賞、賞金
が授与されます。

令和 6年 10 月 18 日
　　（一般社団法人）ドレスト光子研究起点（注２）　� 代表理事　大津 元一

【受賞者】　瀬川 悦生様　（横浜国立大学 教授）

【受賞理由】オフシェル科学の発展の促進に資する優れた問題を提案した。

◉提案の名称　ドレスト光子の出力最大にする最適な閉曲面上の埋め込みを探せ

◉提案の概要説明　従来のネットワークの隣接関係のみが反映される標準的モデル（グ
ローバーウォークモデル）ではドレスト光子のエネルギー移動の独特の不思議な振る舞い
を再現するには不十分である。そこで、このモデルから脱却し、「ネットワークの背後に
ある閉曲面埋め込み」という幾何的な新たな考察を加え、ドレスト光子の挙動が端的に
再現されるモデルを構築し、新しい世界を拓く。これが実現すればドレスト光子、オフ
シェル科学、そして生体微生物によるエネルギー輸送などへ波及し、広範な分野の相乗
効果が期待される。上記の実現のために与えられたネットワークに対し、「初期にはいろ
いろな場所に訪問し、その経験をいかして時間の経過とともに『自律的に』適切な経路を
選ぶ」ようすが記述される閉曲面上の埋め込みを探すことをここに問題として提示する。

（注１）光と物質との相互作用などに関わる量子場とその関連現象を扱うのがオフシェル科学です。発展の著し
いこの科学は古くからある伝統的なオンシェル科学とは補完的であることから、未踏の問題が立ちはだ
かっています。「オフシェル科学大賞」は（一般社団法人）ドレスト光子研究起点によって設立され、第
1 回に続き今回もこれらの未踏の問題を提起した研究者を表彰しました。また将来これらの問題をが解
決された場合、解決した研究者を表彰する予定です。

（注２）（一般社団法人）ドレスト光子研究起点はオフシェル科学の基礎研究を行う
研究機関です。研究振興のため上記のオフシェル科学大賞の募集、研究助
成などの事業も行っています。詳細は法人のホームページ https://rodrep.
or.jp/ をご参照下さい。右の QR コードもご利用できます。 
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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 9.51×104 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 µm were prepared, as shown 
in Fig. 1 (b). Al atoms were doped with injection concentration of 1×1019 cm-3 and depth of 600 nm. During DPP-
assisted annealing, a forward bias voltage of 22 V (current density: 0.6 A/cm2) 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 
Vpmt of the light was measured using a photomultiplier tube. The amount of polarization rotation θrot was deduced by 
calculating the change of the intensity Vpmt, as Vpmt=I(1−cos2θrot)/2. The Verdet constant v of the device was 
calculated by θrot=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 3.14×104 rad/T·m and 
1.80×104 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 3.29×104 rad/T·m and 5.57×104 rad/T·m, respectively. 
Thus, the Verdet constant clearly increases at the same wavelength of light as that used for annealing. 
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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 θrot 
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 (h/a) between the electrons in conduction 
band and the positive holes in valence band is equal to the total momentum of the phonons (h/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-SLMs suitable for higher-performance spectroscopic systems. 

This study was supported by JSPS KAKENHI (Grant No.: JP22H04952). 
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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.

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

Incident light

Dressed photon Nanoparticle

(a)

Dressed photon

Opaque film
Fiber probe

Incident light

(b)

Incident light
Dressed photon Rough material surface

(c)

Dressed photon

Impurity atom

Crystal

Incident light

(d)

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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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/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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                                                                               2

4  
: ,

 
µ v

v

W W
g

W

αβγ
αβγ

µ =
                                                                        (31)

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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53 21 0,    , :  2.47 10 m

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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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 
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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 ×  5.8 mm) [13,14]. As schematically explained by Fig. 1(a), small and large 
NPs (NPS and NPL) 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. FDPP and F0 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 FDPP and creates an exciton in the higher energy level of NPL, 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. 
 

8  

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

 (a) Cross-sectional profile.  

 (b), (c) Generated photocurrents (IDPP and I0) by radiating input light onto the films FDPP and F0, respectively. 

 
 By using a deuterium lamp and a halogen lamp (wavelength: 300–400 nm) as input light 
sources, the photocurrents IDPP and I0, generated in the Si-PD under the films FDPP and F0, respectively, 
were measured. Since the Si-PD is sensitive to visible light, the photocurrent IDPP (Fig. 1(b)) is larger 
than I0 (Fig. 1(c)). The rate of increase of the photocurrent is defined by 
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 ( )DPP 0 0-η∆ ≡ I I I .        (1) 

Figure 2 shows the measured value of η∆  [13,14], which shows that η∆  is larger than 10 % when 

the ratio ( )S= Ln n n  between the numbers Sn  and Ln  of NPS and NPL 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 off-shell scientific QW numerical calculation.  

 
Fig. 2 Measured values of the rate of increase η∆  of the photocurrent.  

The horizontal axis is the ratio n  between the numbers of NPS and NPL. 

 
(*) 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 
NPL. 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 FDPP in Fig. 
1 and generate the emitted light (output signal). The DPP transfer in the three-dimensional FDPP is 
modelled by two-dimensional arrangements of NPS and NPL in Fig. 4, in which n  NPS (white circles 

○) are arranged around one NPL (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 NPL and since the relaxation 
process is unrelated to the DPP transfer from NPS to NPL, this size difference does not have to be 
considered in the present QW model.  
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Fig. 3 How to apply the incident light (input signal) to FDPP and generate the emitted light (output signal). 

 

 

Fig. 4 Two-dimensional arrangements of NPS and NPL.  

  They are represented by white circles (○) and a gray circle (●), respectively. 

  (a)-(e) are for 2 - 6n = . 

 
 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) 

( 4n = ), as an example, the sites for four input signals (white circles ○) 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 
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∞ -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 ∞ -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 χ  [5] takes 
different values for the DP that hops along the directions parallel ( 1χ ) and anti-parallel ( 2χ ) to that 
of the incident light propagation. That is, the possibility of photon breeding occurring is assumed to 
be higher in the case of 1 2χ χ>  than that of 1 2χ χ< . The difference between these constants is 
represented by introducing a parameter ε  into  

 ( )1 2 1 (1 )χ χ ε ε= + − .        (2)  

For comparing with the case of 1 2χ χ< , the value of ε  is allowed to vary in the range of  

 1 1ε− < < .         (3) 
 From the QW model constructed above, Ref. [15] derived the stationary value OSP  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) OSP  increases with increasing n  and asymptotically approaches ( )21+ ε .  

(2) OSP  is 1 at 2n = , which is independent of ε .  
(3) OSP  for 3n =  is equal to that for 6n = .  
(4) OSP  is 1 in the case of 0ε = , which is independent of n . 

(5) OSP  is independent of Jχ , where J  is the hopping energy of the DP [5].  
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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 ( )2 -12n =  and OSP  . Here, the value Jχ   was 

fixed at 1 by referring to (5) in Section 3. Figs. 6(a)-(c) and (e)-(g) are the relations for 0ε >  

( 1 2χ χ> ) and for 0ε <  ( 1 2χ χ< ), respectively. Figure 6(d) is for 0ε =  ( 1 2χ χ= ).  

 
Fig. 6 Calculated relation between n  and OSP . 

The value Jχ  was fixed at 1. 

(a)-(c) ε =0.600, 0.923, and 0.981 ( 1 2χ χ =2, 5, and 10). (d) 0ε =  ( 1 2χ χ =1). 

              (e)-(g) ε =-0.981, -0.923, and -0.600 ( 1 2χ χ =0.1, 0.2, and 0.5). 

 
 Figure 7 shows the relation between 1 2χ χ  in Eq. (2) and nS . Here, 6S  and 12S  are the 
sums of OSP   in Fig. 6 over 2 - 6n =  and 2 -12n =  , respectively. This figure indicates that the 

value nS   is small when 1 2 1χ χ <  . However, it increases rapidly with increasing 1 2χ χ  when 

1 2 1χ χ > . As a result, nS  takes a large value in the case of  1 2χ χ> . This result agrees with the 

experimental result for photon breeding with respect to photon momentum.  
 In Figs. 6(a)-(c), OSP  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 OSP  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 
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OSP  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 

 ( ) OS OS
OS

OS OS

( ) ( 1)
( ) ( 1)

− −
∆ ≡

+ −
P n P n

p n
P n P n

.       (4) 

 Figure 9(a) is the calculated result for 0ε > . It shows that ( )OSp n∆  takes a large value in 

the range of 4 - 6n = , 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 0ε < , in which the value of ( )OSp n∆  shows a complicated dependency on 

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

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

 
Fig. 7 Relation between 1 2χ χ  and nS . 

6S  and 12S  are the sums of OSP  in Fig. 6 over 2 - 6n =  and 2 -12n = , respectively. 

 

 

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

broken curves. 

(a) and (b) are for the case of 0ε >  and 0ε < , respectively. 
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Fig. 9 Relation between n  and ( )OSp n∆ . 

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

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

 

(*) Figure 9(a) shows that ( )OSp n∆  takes a distinctly large value at 3 n = . 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 ( )OSp n∆  in the range 4 - 6n = 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 O ( )P t   in the transient time period that starts 
immediately after the input signal is applied to the system. Figure 10(a) shows the profile of O ( )P t . 
Figures 10(b) and (c) show the calculated time st  required to converge to the stationary value OSP  
for 0ε >   and for 0ε <  , respectively. This time st   depends on n   for 0ε >  (Fig. 10(b)). In 
contrast, it is independent of n  for 0ε <  (Fig. 10(c)). Calculations also found that the time st  
depended on the value of Jχ , which is different from feature (5) in Section 3. 
 Furthermore, within the transient time period ( S<t t ), O ( )P t  pulsates in the case of 0ε > , 
and can take a larger value (white square in Fig. 10(a)) than OSP . 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 NPL but also 
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for each NPS. 
 Since the positions and sizes of NPS and NPL 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. 
 

 
Fig. 10 Temporal variation of the output signal intensity O ( )P t .  

(a) Profile of O ( )P t  for n =5 and ε =+0.981. st  represents the time required to converge to the stationary value 

OSP . The white square represents the value at the peak of the pulsatory variation, which is larger than OSP . 

(b) For the case of 0ε > . White and black circles are for ε =+0.981 and +0.923, respectively. 

(c) For the case of 0ε < . White and black circles are for ε =-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 (NP2) is placed in close proximity to the first NP (NP1)
(Fig.1(b)), the DP on NP1 transfers to NP2. 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): NP1 to NPN), bi-directional transfer of the DP also occurs.
[3] Measurement (Fig. 1(d)): For measuring the DP, a larger-sized NP (NPL) is placed at the end of
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an array of smaller-sized NPs (NPS) [3]. After the DP reaches NPL 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. 

 
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.  
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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].  



4 
 

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

 [1] Creation [2] Transfer [3] Measurement 

Phenomena and 

spaces 

Light–matter interaction in 

a microscopic space 

Dynamic behavior of a 

complex system in a 

microscopic space 

Energy transfer from 

microscopic to macroscopic 

space 

Concepts Interaction Nonreciprocity and sites Dissipation 

Strategies Introducing the spacelike 

momentum field 

Using a unitary QW model Using a non-unitary QW model 

 

(*) 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 (NPL) 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 α− loss x , where lossα  is the 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 zN  

of NPSs that were vertically piled up. This figure shows the relation between the direct distance L  
and the light power emitted from NPL. Broken lines represent the exponential functions fitted to the 
measured values. Since the output light power, normalized to the input power, is the transmittance T , 

this function is expressed as ( )0exp /T L L= − , where 0L  is named the attainable distance. 

 Figure 2(c) shows the relations between H  and 0L  for the specimens A–C. They indicate a 

monotonic increase in 0L   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 
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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. 

 

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

(NPL). 

(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 NPL. 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 ( )0exp /−L L  fitted to the measured values, where 0L  is the attainable distance.  

(c) Relation between H  and 0L  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 

Lucida Science Communications
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Lucida Science Communications
Is this what you mean? I was not sure what you mean by "appeal".
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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  

,( , )

,( , )

DP

t x y DP

Phonon t x y

y
y

y
ψ

+

−

 
 =  
  



       (1) 

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

position ( , )x y  of the lattice site, DPy +  and DPy −  are the creation probability amplitudes of the 

DPs that travel by repeating the hopping in the upper or lower directions, respectively, and Phonony  

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

,( , )

,( , )

ψ
+→

↔ −←

 
   ≡   
  



DP

t x y DP

Phonon t x y

y
y
y

       (2a) 

and 

 ,( , )

,( , )

ψ
+↑

−↓

 
   ≡   
  





DP

t x y DP

Phonon t x y

y
y
y

       (2b) 

are used. In eq. (2a), the vector ( ), ,t x yψ ↔

   represents the DPP, hopping out from the site, which is 

composed of two DPs ( DPy +→  and DPy −← that hop along the x±  axes) and a phonon ( Phonony ) at 

time t . In eq. (2b), the vector ( ), ,t x yψ


  represents the DPP, which is composed of two DPs ( DPy +↑  

and DPy −↓  that hop along the y±  axes) and a phonon ( Phonony ). 
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 By using eqs. (2a) and (2b), the spatial-temporal evolution equation for the DPP is represented 
by  

 
,( , ) 1,( , )

,( , )

,( , ) 1,( , )

[0]
[0]

t x y t x y

t x y

t x y t x y

U
U

ψ ψ
ψ

ψ ψ

↔ − ↔

−

             = =                

 



 

,    (3) 

where  

0

ε χ
ε χ

χ χ ε

+

−

 
 ≡  
  

J
U J        (4) 

and 

 [ ]
0 0 0

0 0 0 0
0 0 0

 
 ≡  
  

.        (5) 

In eq. (4), U  is a unitary matrix whose diagonal elements ε+  and ε−  are the eigen-energies of 

the DPs ( DPy +  and DPy − ), respectively, and 0ε  is that of the phonon. Off-diagonal elements J  

and χ  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 

,( , )

,( , )

'

DP

DP
t x y

Phonon

dis t x y

y
y

y
y

ψ

+

−

 
 
 =
 
 
 



.       (6) 

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

lattice. The spatial-temporal evolution equation is represented by  
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[ ] [ ]
[ ] [ ]

[ ] [ ] [ ]

2
,( , ) 1,( , )

2
,( , ) ,( , ) 1,( , )

,( , ), 1,( , ),

' '0 1 0

' ' 1 0 '
0 0'' ''

t x y t x y

t x y t x y t x y

t x y dis t x y dis

U

U

ψ ψκ

ψ ψ κ κ ψ
κψ ψ

↔ − ↔

−

−

       −       
       = = −       
              

 

 

  

 

. (7) 

The third line of the left-hand side vector corresponds to the dissipated DPP 

,

,( , ), ,

,( , )

''ψ
+

−

 
   ≡   
  



DP dis

t x y dis DP dis

Phonon t x y

y
y
y

.      (8) 

The first and second lines ( ,DP disy +  and ,DP disy − ) in eq. (8) represent the dissipated DPs that travel 

along the upper or lower directions in the lattice, respectively. Their sources are DPy +  and DPy −  in 

eq. (6), respectively.  

The quantity κ  in the matrix  

[ ]
0 0

0 0
0 0 0

κ
κ κ

 
 ≡  
  

       (9) 

on the right-hand side of eq. (7) is a phenomenologically introduced dissipation constant ( )0 1κ≤ ≤ . 

As a result 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 21 κ−  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 optκ (=0.2) of 

the dissipation constant κ  that maximizes the emitted light power, as is shown in Fig. 3. 
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 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 κ   is given by the sum in out( = + )κ κ κ  of the internal dissipation constant 

in loss(= )κ αN  at all the NPS ( N : number of NPss in the box) and the dissipation constant outκ  at the 

output port NPL . Since N  is the product of the numbers xN , yN , zN  of the NPS along the x -, 

y -, and z -axes in the box and the height H  is proportional to zN , it is easily found that κ  is 

proportional to H . This proportional relation implies that there exists an optimum value optH  of H  

that maximizes the value of 0L  in Fig. 2(c). 

 
Fig. 3 Relation between the dissipation constant κ  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 ( optH < H ) in Fig. 4(b). This correspondence also indicates that the value of 0L  takes 

the maximum at optH = 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 
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in loss(= )κ αN   plays a leading role ([3] in Section 2) because the optimum path is realized by 

optimizing the constant κ  to optκ . Furthermore, since the value of optH  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 optH  in the formula and to identify the origin of 

the phenomenological dissipation constant κ . 

 

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 

optH  in formula and to identify the origin of the dissipation constant κ . 
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Off-shell scientific nature of  

dressed photon energy transfer and dissipation 

M. Ohtsu

Research Origin for Dressed Photon, 

3-13-19 Moriya-cho, Kanagawa-ku, Yokohama, Kanagawa 221-0022, Japan

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 off-
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
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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 field1).  
(2) In addition to a stable pair of the Majorana fermions (a spacelike momentum field)1), 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 (NP2) is placed in close proximity to the first NP (NP1) (Fig. 1(b)), the energy 
of the DP on NP1 transfers to NP2 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 NP2). 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. 
 

 
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 ( ),λ φ , 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 NP1 and that on NP2 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 NP2 in Fig. 1(b) is replaced by a larger NP (NPL) [7]. In order to utilize the size-
dependent resonance, the sizes of the two NPs are adjusted so that the lowest quantized energy ES1 of 
the smaller NP (NPS) is tuned to the second-lowest quantized energy EL2 of NPL. By this adjustment, 
annihilation of the exciton with energy ES1 in the smaller NPS creates the DP that efficiently transfers 
to NPL, resulting in the efficient creation of an exciton with energy EL2 in NPL. This exciton rapidly 
relaxes from the second quantized energy level (EL2) to the lowest level (EL1) of NPL. By this relaxation, 
a small amount of excess energy EL2 – EL1 dissipates to the macroscopic heat bath in which these NPs 
are buried. After this relaxation, the exciton in NPL rapidly annihilates and emits a photon. That is, the 
energy EL1 dissipates to the macroscopic space in the form of propagating light that can be measured. 

 
Fig. 2 DP energy dissipation. 

NPS and NPL 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 
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NP material. Curve A represents the exponential function  ( : decay time constant) 

fitted to the measured values of the short-time range (0  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 

 ( : decay time constant) fitted to the measured values of the longer-time range. The 

quantity in this function t  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]. 

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

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

 and , respectively. 

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 NPL to the macroscopic space in the form of propagating light which can be measured. 

 
Fig. 4 Bi-directional transfer of the DP energy through linear array of NPSs (NP1–NPN). 

( )1exp / ft τ− 1fτ

t≤ ≤

( )2exp / ft τ−
2fτ

( )1exp / ft τ− ( )2exp / ft τ−
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Fig. 5 DP energy dissipation. 

NPS1–NPSN correspond to NP1–NPN in Fig. 4. NPL 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 NPL 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 NPL 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 abs xα− , where absα  is the absorption coefficient and x  is the optical path length. 

 
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 NPL. 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 NPL for the specimens A–

C. Broken lines represent the exponential functions ( )0exp /−L L   fitted to the measured values, where 0L   is the 

attainable distance.  
(d) Relation between H  and 0L  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 NPL, 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 zN  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 ( )0exp /T L L= − , where 0L  is named the attainable distance. Figure 

6(d) shows the relations between H   and 0L   for the specimens A–C. They clearly indicate an 
increase in 0L  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). 

 
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 µm). The size of the volume of the three-dimensionally arranged NPs is smaller than several 

µm, 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 1µm: on-shell 
science). The optical path lengths 1D  and 2D  through the macroscopic materials are larger than several µm to several 

mm. In the case where >1 2D D , the transmittances of these materials satisfy the relation >1 2T T . 

 
For reference, it should be pointed out that experiments have confirmed that the attainable 

distance 0L  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. 
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3.2 Channel-shaped template 
 
Two pairs of CdSe NPs, consisting of NPS and NPL, were used [15]. Figure 8(a) illustrates these pairs, 
indicated as NPS1 and NPL1, and NPS2 and NPL2, respectively, for which the size-dependent resonance 
holds. On the other hand, the size-dependent resonance does not hold between NPS1 and NPL2, and 
also between NPS2 and NPL1.  
 These multiple NPs were arranged in channel-shaped templates, named as CS1, CL1, CS2, and 
CL2 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 CS1, the DP energy created on 
NPS1s at this end transfers bi-directionally through this channel and arrives at NPL1 in the intersection 
with the channel CL1. Subsequently, the DP energy transfers through the channel CL1 due to the size-
dependent resonance. If the DP in channel CS1 does not meet NPL1 in this intersection, it continues 
passing through the channel CS1. Figure 8(c) shows a fluorescence microscope image of this transfer. 
The DP energy transfer from channel CS1 to CL1 shows two unique features: 
[Feature 2]  
  (2-1) DP energy can transfer even though the channels CS1 and CL1 cross at right angles. 
  (2-2) The channels CS1 and CL2 do not show any crosstalk of DP energy transfer. 

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

 (a) Two pairs [NPS1 and NPL1] and [NPS2 and NPL2] and their channels CS1, CL1, CS2, and CL2.  

 (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 CS1 does not transfer to NPL2 at the 
intersection with CL2. This is because of the absence of size-dependent resonance between NPS1 and 
NPL2. Channels CS2 and CL1 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 CS2 to CL2 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 off-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]. 

 

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 1µm). The size of the volume of the channels for NPs is smaller than 

several µm, 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 µm: 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 0L  on the 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: 



10 
 

(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 off-
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 off-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 localized3), 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 DPP4) 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 NPL, 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 science5).  
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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]. 

 
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 in



K . Those of the output signal are represented by a 

vector out



K , 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 


ik .  

 The energy conservation law requires the relation 
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in out
i

+ =∑


 

iK k K , (1) 

to hold, where
i
∑


ik  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 off-shell scientific experimental phenomenon, photon breeding generates 

the output signal out



K that is equal to the input signal in



K [22-24]. This means that photon breeding 

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

be realized if = 0
i
∑


ik   in 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 = 0
i
∑


ik . It 

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 = 0
i
∑


ik  may not exist. However, by increasing the number of sites, it is expected 

that the value of 
i
∑


ik  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 0L   with the increase in the height H  . In short, the DPP may 

transfer through the path with = 0
i
∑


ik , 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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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 (RdS)
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 RdS 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 RdS . A solution to the hierarchy problem is derived by assuming
that RdS 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 Schrödinger’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

Schrödinger’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.



June 5, 2024 0:1 WSPC/INSTRUCTION FILE h-problem12

Reexamination of the hierarchy problem 3

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):

φ(f)(x0, x̃) =

∫

d3k̃
√

(2π)32Ek

[a(k̃) exp (−ikνxν) + a†(k̃) exp (ikνx
ν)], (1)

where (a†(k̃), a(l̃)) and (x̃ and k̃), respectively, denote a pair of creation–

annihilation operators and of three vectors comprising spatial components of xµ

and kν , with Ek defined by Ek :=
√

(k̃)2 + (m0)2. Although the φf field thus con-

structed embodies the wave–particle duality of a quantum system, the φf field and

the associated 4-momentum pµ are, respectively, restricted by the following linear

Klein–Gordon (KG) equation and the on-shell condition of the form

[~2∂ν∂ν + (m0c)
2]φ(f) = 0, pνp

ν = (m0c)
2 ≥ 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 (φ(f)) with the second quantization described in Eq. (1). The

GR theorem states that if the Fourier transform (ϕ(p)) of a given quantum field

(ϕ(x)) does not contain an off-shell space-like momentum (pµ) satisfying pνp
ν < 0,

then ϕ(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 (ds2 = 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 (T ν
µ ) of the free Maxwell field assumes the form

of T ν
µ = FµσF

νσ with Fµσ = ∇µAσ − ∇σAµ, where ∇µ denotes the covariant

derivative and other notations are conventional. As is well known, this free field is

characterized by a couple of conditions:

FνσF
νσ = 0 and F01F23 + F02F31 + F03F12 = 0. (3)

In extending this null field to the space-like momentum domain, focusing on the

properties of the Riemann curvature tensor (Rαβγδ) and the mixed form of the

Ricci tensor (R ν
µ ), as shown below, is quite helpful:

Rβαγδ = −Rαβγδ, Rαβδγ = −Rαβγδ, Rγδαβ = Rαβγδ, (4)

Rαβγδ + Rαγδβ +Rαδβγ = 0, R ν
µ := R νσ

µσ . (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 (ωµν) 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 (Uµ) in space-like momentum

domains. We can achieve this because the rotational part of the barotropic fluid

velocity (uµ) can be represented by two Clebsch parameters, λ and φ, to give

uµ = λ∇µφ [24]. Notably, λ and φ serve as the canonically conjugate variables

for the Hamiltonian structure of the barotropic fluid motions. In our case, the two

gradient vectors, Cµ := ∇µφ and Lµ := ∇µλ, with the orthogonality condition,

CνLν = 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 (T̂ ν
µ ) 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: Uν(Uν)
∗ = 0, where (·)∗ denotes the complex conjugate of (·).

For Clebsch variables λ and φ satisfying

∇ν∇νλ− (κ0)
2λ = 0, Lµ = ∇µλ, ∇ν∇νφ = 0, Cµ = ∇µφ, (6)

Cν(Lν)
∗ = 0, Uµ := λCµ, (7)

where (κ0)
−1 is DP constant ldp ≈ 50 nm, determined by Ohtsu[17], we have

Uν∇νUµ = 0, Sµν := ∇µUν −∇νUµ = LµCν − LνCµ, (8)

T̂ ν
µ = SµσS

νσ = ρCµC
ν , ρ := Lν(Lν)

∗ < 0, ∇ν T̂
ν

µ = 0. (9)

Notice that T̂ ν
µ has a dual wave (SµσS

νσ) and particle (ρCµC
ν) 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 (ρ) in

Eq. (9) becomes negative. As referenced in the introduction, in re-examining the

Nakanishi–Lautrup formalism of the abelian gauge theory, Ojima[32] highlighted

that the nonparticle form corresponding to (SµσS
νσ) in our model plays substantial

physical roles, which is consistent with the GR theorem.

Space-like case: Uν(Uν)
∗ < 0.

In this case, we modify Eq. (6) as follows:

∇ν∇νλ− (κ0)
2λ = 0, ∇ν∇νφ− (κ0)

2φ = 0, Cν(Lν)
∗ = 0, (10)

Uµ : = (λCµ − φLµ)/2. (11)

By doing so, the associated energy–momentum tensor (T̂ ν
µ ) now becomes

T̂ ν
µ = SµσS

νσ − 1

2
g ν
µ SστS

στ . (12)

Considering the definition of the Ricci tensor (R ν
µ ) in Eq. (5), we see that Eq. (12)

is isomorphic to the Einstein tensor (G ν
µ = R ν

µ − g ν
µ R/2).

As Dirac’s equation ((iγν∂ν + m)Ψ = 0) is the square root of the time-like

KG equation ((∂ν∂ν + m2)Ψ = 0), the quantum field (Ψ(M)) that satisfies the

square root of the space-like KG equation ((∂ν∂ν − (κ0)
2)Ψ = 0) is shown to be

the electrically neutral Majorana fermionic field ({(γν(M)∂ν − κ0)Ψ(M) = 0}). As
the space-like Ψ(M) represents a nonparticle mode, we denote it as the Majorana

fermionic field instead of the Majorana fermion. Owing to Pauli’s exclusion princi-

ple, Ψ(M) with a half-integer spin of 1/2 cannot occupy the same state. A possible

configuration where a couple of Ψ(M)s form a bosonic Sµν field can be identified

using the Pauli–Lubanski 4-vector (Wµ), which describes the spin states of moving

particles.

Wµ =
1

2
ǫµνλσM

νλpσ, (13)
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where ǫµνλσ denotes the 4D totally antisymmetric Levi–Civita tensor, Mνλ and pσ

are angular and linear momenta, respectively. As Eq. (13) is rewritten as









W0

W1

W2

W3









=









0 M23 M31 M12

−M23 0 M03 −M02

−M31 −M03 0 M01

−M12 M02 −M01 0

















p0

p1

p2

p3









, (14)

we can see that two different fields, (Mµν , pµ) and (Nµν , qµ), which satisfy the

orthogonality condition (pνqν = 0, corresponding to Cν(Lν)
∗ = 0 in Eq. (10)), can

share the same Wµ and hence combine to form a spin 1 bosonic field, Sµν .

The CDSE field (Sµν) has another noteworthy geometric feature, which is par-

ticularly important for its application in cosmology. A plane wave of the form,

ψ = ψ̂c exp [i(kνx
ν)], satisfies the equation of a couple of λ and φ fields in Eq. (10)

with ∂νψ(∂νψ)
∗ = −(κ0)

2[ψ̂c(ψ̂c)
∗]. Therefore, for vector Lµ, we have

Lν(Lν)
∗ = −(κ0)

2[λ̂c(λ̂c)
∗] = 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 RdS embedded in R5 is called de

Sitter space, which is represented as

(η0)
2 − (η1)

2 − (η2)
2 − (η3)

2 − (η4)
2 = −(RdS)

2 = −3(ΛdS)
−1. (16)

Here, 3(ΛdS)
−1 := (RdS)

2 is a frequently employed alternative expression of RdS .

Snyder showed that the spacetime (xµ) together with the 4-momentum (pµ), defined

as

pµ =
~

lp

ηµ
η4
, (0 ≤ µ ≤ 3), pνpν =

(

~

lp

)2
[

1−
(

RdS

η4

)2
]

< 0, (17)

can be quantized without breaking Lorentz’s invariance, where lp denotes Planck’s

length. We have already seen that an isomorphism exists between the Einstein

tensor (G ν
µ ) and (T̂ ν

µ ) 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 T̂ ν
µ . Eq. (15 and 17) show that Lµ and pµ are

on the submanifold of de Sitter space, parameterized by η4 = const.

As nonlinear electromagnetic field interactions are ubiquitous, the incessant oc-

currence of instantaneous excitation–deexcitation processes in the Sµν field must

be prevalent in the universe. In such processes, we can show that a unique state

exists, |M3〉g, of Sµν , which behaves as if it is “the ground state”of Sµν in the sense

that |M3〉g is occupied by Sµν 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): (pνqν = 0), is also three. That is, for three different sets of (Mµν , pµ),
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(Nµν , qµ), and (Lµν , rµ) with pνqν = 0; pνrν = 0; qνrν = 0, the following unique

spin vector configuration exists:

2Wµ = ǫµνλσM
νλpσ = ǫµνλσN

νλqσ = ǫµνλσL
νλrσ . (18)

This indicates the existence of a compound state of the Majorana fermionic field

with spin 3/2, called the Rarita–Schwinger state (|M3〉g). Notice that a bosonic

field, Sµν , can be constructed by any pair in the set of {(Mµν , pµ), (Nµν , qµ), and

(Lµν , rµ)} 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〉g state behaves like “the ground state”of

Sµν in the sense that any vacant configuration of Sµν , if it exists, must be reoccupied

in a moment. This makes |M3〉g a constantly occupied state from a macroscopic

timescale.

The key question regarding |M3〉g is whether it is an observable quantity in ei-

ther a direct or an indirect fashion as Sµν , 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 ν
µ and the Majorana version of T̂ ν

µ 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〉g := Σ
(3)
(i=1)T̂

ν
ν (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, Λ(de)gµν ,

with Λ(de) < 0 in the following Einstein field equation, with the sign convention

R > 0 for a matter-dominated closed universe:

R ν
µ − R

2
g ν
µ + Λ(de)g

ν
µ = −8πG

c4
T ν
µ . (19)

From the discussions developed thus far, we can identify observable Λ(de) as

Λ(de) = |M3〉g = Σ
(3)
(i=1)T̂

ν
ν (xi) < 0. (20)

Recall that the key parameter (κ0) in Eq. (6) for determining Clebsch variables λ

and φ is the DP constant, which has been experimentally determined. Using the

experimental value of (κ−1
0 ) ≈ 50 nm, we obtain Λ(de) = −2.47× 10−53m−2. Con-

versely, the value of Λobs derived by Planck satellite observations [34] is estimated

as Λ(obs) ≈ −3.7× 10−53m−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:

∂tvµ + vν∂νvµ = −∂µp/ρ = −Cp∂µT + T∂µs, (21)

where vµ denotes the 3D velocity field; p, ρ, T , and s denote pressure, density,

absolute temperature, and specific entropy, respectively; and Cp denotes specific

heat at constant pressure. A given fluid motion is barotropic if ∂µs = 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 :=
1

ρ
(~∇× ~v) · ~∇s, =⇒ ∂tQ+ vν∂νQ = 0. (22)

Notice that Q 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 Q, Sakuma et al.[26] examined the novel relativistic representation (ΩT )

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 ∇ν(nu
ν) = 0

holds,

ΩT := Ω/T, Ω := ω01ω23 + ω02ω31 + ω03ω12, (23)

ΩTu
µ = ∇ν [

∗(ωµν)(σ/n)], =⇒ ∇ν(ΩTu
ν) = 0. (24)

Here, uµ, ωµν ,
∗ωµν , T , σ, and n are the nondimensional 4-velocity vector, relativis-

tic vorticity tensor, Hodge’s dual of ωµν , absolute temperature, specific entropy, and

particle number per unit volume, respectively. Furthermore, the current (ΩTu
µ) 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 ΩTu
µ plays the role of the “electric current”.

They further derived the following important relations valid among metric tensor

gµν , Weyl curvature tensor Wαβγδ, and relativistic vorticity tensor ωµν under the

assumption of W 2Ω2 6= 0

gµν =
WµαβγW ν

αβγ

W 2/4
=

∗ωµσ(∗ωκλ)ων
σωκλ

(∗ωκλωλκ)2/4
=

∗ωµσ(∗ωκλ)ων
σωκλ

(4Ω)2/4
, (25)

W 2 : = WαβγδWαβγδ, Ω := ∗ωκλωλκ.

These suggest the existence of the minimum values of (W0)
2 and (Ω0)

2. In general,

gµν 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 gµν 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 ν
ν . By contrast, from Eq. (25),

we observe that W 2 is directly correlated with (4Ω)2 and that ΩTu
µ = (Ω/T )uµ

behaves like a conserved density current. As the pure Weyl curvature represents the

vacuum of relativistic dynamics, a relatively strong current (ΩTu
µ) in a cosmolog-

ical environment with a negligible value of R ν
ν compared with ΩT 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 ΩTu
µ

is dynamically associated with an energy–momentum tensor of the form, λgµν , with

λ being a positive constant, where gµν is to be interpreted by Eq. (25).

Thus, a series of the above analyses on ΩTu
µ suggests that the energy–

momentum tensor of dark matter assumes the form of Λ(dm)gµν , where constant

Λ(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:

Λ(dm) ≈ Λ̂(de) := −Λ(de)/3 = ΛdS/3 = 1/(RdS)
2, (26)

is an estimate consistent with the observation, where RdS and ΛdS/3 denote the

radius of de Sitter space and its alternative expression defined in Eq. (16).

Notably, in our cosmological scenario of CCC-2nd, T̂ ν
µ in Eq. (12), shown to be

isomorphic to the space-like Einstein tensor (G ν
µ ) and Λ(dm)g

µν with gµν 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 (ds2 = 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 Uµ explained in Eq. (10, 11).

The field strength (Sµν) defined by the curl of Uµ 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 (Uν∇νUµ = 0) in Eq. (8) is replaced by

Uν∇νUµ = −SµνU
ν +∇ν(U

νUν/2) = 0; UνUν < 0. (27)

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

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

can introduce a similar normalization for Lµ = ∇µλ and Cµ = ∇µφ. The natural

normalization would be

LνLν = −(mλ)
2λ2, CνCν = −(mφ)

2φ2, (28)

where the wavenumber vector, kµ, of the respective plane-wave solutions satisfies

kνkν = −(mλ)
2 and kνkν = −(mφ)

2. For the space-like CP of Uµ discussed thus
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far, we have

(mλ)
2 = (mφ)

2 = (κ0)
2. (29)

Using the orthogonality condition, Cν(Lν)
∗ = 0, in Eq. (10) and Eq. (28), a

couple of important characteristics of space-like Uµ fields can readily be expressed

as

∇νU
ν = 0, V = −1

8
λ2φ2[(mλ)

2 + (mφ)
2]. (30)

Now, revisiting Eq. (10), we consider a different case in which we only replace

the second equation, ∇ν∇νφ − (κ0)
2φ = 0, with ∇ν∇νφ + (κ0)

2φ = 0. With this

change, Eq. (29) changes into (mλ)
2 = (κ0)

2 = −(mφ)
2. Consequently, V in Eq.

(30) vanishes, and Uµ becomes a null vector. Notably, the form of SµνU
ν in Eq.

(27) is similar to that of Lorentz force, Fµν(ev
ν), where Fµν and evν denote the

background electromagnetic field and an electric current with charge e, respectively.

A direct expression of −SµνU
ν is

−SµνU
ν = −(LµCν − LνCµ)(λC

ν − φLν)/2

= −λφ(κ0)2(φLµ − λCµ)/2 = λφ(κ0)
2Uµ. (31)

Conversely, as we have ∇νU
ν = −λφ(κ0)2, in this case, Eq. (31) becomes

SµνU
ν = −λφ(κ0)2Uµ = (∇νU

ν)Uµ 6= 0. (32)

Eq. (32) expresses that the null vector Uµ with a nonvanishing irrotational part is a

vector field for which κ0 and iκ0 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 (κ0 and iκ0) 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, Uµ, 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[14], 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 (ldp ≈ 50 nm), defined as the inverse of κ0, 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

(p2 = pµp
µ < 0) plays the most important role, which is in sharp contrast to

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
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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

(p2 < 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 ν
µ − R

2
g ν
µ + Λ(dm)g

ν
µ = −8πG

c4
[T ν

µ + {Λ(de)g
ν

µ }], (33)

Λ(dm) = −Λ(de)/3 + ǫ > 0.

Here, our present concern is the dark matter field, Λ(dm)g
ν

µ , 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

Fe =
1

4πǫ0

q1q2
r2

, Fg = G
m1m2

r2
. (34)

Let us examine the Fe/Fg 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 q1 = q2. However, for m1 = m2, we encounter a serious challenge as we can-

not single out “the fundamental mass charge” like e in the case of Fe. To overcome

this problem, recall first that, for our dark energy model, a unique state, |M3〉g,
exists, which behaves like “the ground state” of Sµν . Through Eq. (20) and Eq.

(26), this “ground state” is directly related to Λ(dm). By contrast, in Eq. (25), we

highlight the existence of the minimum value of W 2, i.e., (W0)
2 6= 0, associated

with the conformal symmetry breaking of the light field (H). Thus, we naturally

assume that Λ(dm) = |W0|. Notably, in our previous studies where we did not con-

sider the possibility of the “temporal change” of Λ(dm) in the dark matter field

(Λ(dm)gµν), we simply asserted Λ(dm) = W0 = const. However, in the present dis-

cussion where we consider the “temporal change” of Λ(dm), we assume that W0 is

a certain positive constant that satisfies

W0 :=Min{Λ(dm)}. (35)

Under this new hypothesis, we can regard Λ(dm) as the fundamental mass of the

gravitational field; the justification will be provided shortly.
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As the dimension of Λ(dm) is (length)
−2, we introduce mλ having the dimension

of mass, corresponding to Λ(dm). Substituting e and mλ into Fe and Fg in Eq. (34),

respectively, we obtain

Fe

Fg
=

e2

4πǫ0

1

G(mλ)2
=

e2

4πǫ0c~

c~

G(mλ)2
= α

(

mp

mλ

)2

, (36)

α :=
e2

4πǫ0c~
, mp :=

√

c~

G
, (37)

where α and mp are the coupling constant of the electromagnetic field and Planck’s

mass. For Λ(dm), using Eq. (26), namely, Λ(dm) ≈ −Λ(de)/3, and using the concrete

expression of Eq. (20) obtained in reference [17], we have

Λ(dm) ≈
4πGh

c3
(κ0)

2

ǫ
=

8π2G~

c3
(κ0)

2

ǫ
= 8π2(lp)

2 1

ǫ(ldp)2
; ldp := (κ0)

−1. (38)

Here, lp and ldp are the Planck length and DP length defined as the inverse of the

DP constant in Eq. (6); ǫ denotes a dimension adjusting coefficient of unit length

squared. Two reasons exist for the appearance of ǫ in the expression of Λ(dm).

First, the quantity, Λ(de) = Σ
(3)
(i=1)T̂

ν
ν (xi), in Eq. (20) is related to the “radiation

pressure” of the Sµν field. Second, the calculation of such a quantity is required

to make the energy quantization of the light-like Sµν field consistent with E = hν

for the usual radiation field. As we have introduced mλ as the elemental mass

corresponding to Λ(dm), we can determine it by the following formal identification

using Einstein’s field equation:

Λ(dm)g
ν

µ =
8πG

c4
[(ρλc

2)uµu
ν ], ⇒ Λ(dm)(lǫ)

3 =
8πG

c2
mλ, mλ = ρλ(lǫ)

3, (39)

where lǫ denotes unit length. Therefore, using Eq. (36), Eq. (37), Eq. (38), and Eq.

(39), we finally obtain

Fe

Fg
=

α

π2

(ldp)
4

(lp)2
1

ǫ
. (40)

Substituting α = 7.3× 10−3, π2 = 9.9, lp = 1.6× 10−35m, ldp ≈ 5.0× 10−8m, and

ǫ = 1m2 into Eq. (40), we obtain

Fe

Fg
= 1.7× 1037, (41)

which appears to be consistent with the conventional rough estimates obtained

without using Λ(dm).

Having derived Eq. (40), now we examine the consequence of the “temporal

change” of RdS(= 1/
√

Λ(dm)) applicable to Fe/Fg in Eq. (40). In the introduction,

we cited previous studies on (cosmological) time-dependent physical constants. Sup-

pose that Λ(dm) is such a time-dependent quantity, then Λ(dm)g
ν

µ in Eq. (33) ceases

to be a divergence-free term. Notice, however, that as Λ(dm) is directly related to

the radius (RdS , in Eq. (26)) of de Sitter space (Eq. (16)), the partial derivative of
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Λ(dm) with respect to the cosmological coordinate (xµ) vanishes. This is because the

shape of the isotropic universe is given by a de Sitter space and ∇µRdS (0 ≤ µ ≤ 3)

is on the tangent hyperplane of RdS = const., on which the gradient of the lo-

cal 4D spacetime coordinate (xµ) exists. Thus, in this sense, Λ(dm)g
ν

µ 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 (xµ). The “tempo-

ral change” of Λ(dm) that we consider is the change in the magnitudes of the dark

energy and matter fields.

For simplicity, in our discussion, except for Λ(de) and the related Λ(dm), we

assume that all physical constants are fixed quantities. From Eq. (26, 38), we readily

obtain

ldp ≈ 2
√
2π√
ǫ

lp
√

Λ(dm)

=
2
√
2π√
ǫ
lpRdS, (42)

which implies that the DP length (ldp) affords the geometric mean of the smallest

Planck length (lp) and the largest scale of our universe (RdS). Furthermore, under

the assumption that lp = const., ldp becomes proportional to RdS . Thus, we can

choose ldp as the unique geometrical parameter of our cosmological model. From

the viewpoint of the unification of four forces, examining the case where we have

Fe/Fg = 1 is interesting. A simple calculation shows that

the present value :
Fe

Fg
= 1.7× 1037; ldp ≈ 5.0× 10−8m (43)

the unification value :
Fe

Fg
= 1; ldp ≈ 2.4× 10−17m. (44)

Thus, using Eq. (38), we observe that the unification value of Λ(dm)(u) is (4.4×1018)

times larger than the present value of Λ(dm)(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 (Λ(dm)gµν) with positive Λ(dm) resulting from

Weyl curvature and dark energy field (Λ(de)gµν) with negative Λ(de)gµν 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, ΩTu
µ, 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

Λ(dm)(u) − Λ(de)(u) ≈ 4Λ(dm)(u)/3 = 4[RdS(u)]
−2/3 , would decrease with the

temporal evolution of material systems. This result can be observed as the extra

expansion (increase of RdS) of our universe in the fifth dimension, directly related

to the temporal increase in the ratio of the previously discussed coupling constants,

Fe/Fg ∝ (RdS)
2. 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 IIA 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 Fe/Fg ≈ 1 with a negligible magnitude of

W 2 in Eq. (25) to low energy states having large values of W 2 as the measure of

conformal gravity.

4. Implication of Maldacena (AdS/CFT) duality

In subsection 2.1.1, we saw that the CDSE field (Sµν) 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 (Fµν ) as the U(1) gauge

field. We believe that the CP (explained in subsection 2.1.1) applied to extend

Fµν 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, Ψ(V µ):

Ψ(V µ) = V µ(µ)′ =

[

V 00′ V 01′

V 10′ V 11′

]

=
1√
2

[

V 0 + V 3 V 1 + iV 2

V 1 − iV 2 V 0 − V 3

]

, (45)

detΨ(V µ) =
1

2
[(V 0)2 − (V 1)2 − (V 2)2 − (V 3)2]. (46)

For the space-like vector, V µ, detΨ(V µ) 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 η4 and the latter is

isomorphic to Eq. (46), we thus see that de Sitter space and Ψ(V µ) share the same

symmetry.

Now, we compare the following forms of gµν :

gµν(I) =
−1

Λ(I)

(

Rµν
(I) −

R(I)

2
gµν(I)

)

, (Wαβγδ = 0), (I = 1 or 2), (47)

gµν =
WµαβγW ν

αβγ

W 2/4
(W 2 6= 0), (48)

where Eq. (47) represents either de Sitter space with Λ(1) = Λ(de) < 0 or anti de

Sitter space (AdS) with Λ(2) = Λ(dm) > 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 W 2 (the Weyl curvature hypothesis proposed by Penrose[29]),

which motivates us to examine the possibility that the following limit exists:

gµν =
WµαβγW ν

αβγ

W 2/4
−→ gµν(2) =

−1

Λ(2)

(

Rµν
(2) −

R(2)

2
gµν(2)

)

, as W 2 → 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 gµν 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 Λ(dm) and Λ̂(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

H, there exists its commutant, M′, which satisfies the following inversion relation:

JMJ = M′, eitHMe−itH = M, J2 = 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 Fe/Fg, in which

the DP length (ldp) plays the key role in determining the value of Fe/Fg. Through

Eq. (42), we see that ldp divides the universe into two domains. Furthermore, its

present value, given in Eq. (43), suggests that ldp 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 Λ(dm) and Λ(de) 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 ΛCDM 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 Λ(de)gµν on the r.h.s. manifests itself through a

conformally flat Ricci curvature. Conversely, the local gravitational attraction owing

to Λ(dm)gµν on the l.h.s. 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 (c). Gupta introduced the CCC model as an extended version of

the ΛCDM model with a variant cosmological constant. In that sense, our model

with a varying Λ(dm)(≈ −Λ(de)/3) is similar to the CCC model. However, a crucial

difference exists between these two models. In Gupta’s model, parameter α, called

the strength of the coupling constant’s variation, plays a substantial role, whereas

in our model, all usual physical constants, except for Λ, 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 Λ(dm) 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 ~ = 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 φ(x), x ∈ R
4, is defined

by an operator on a Hilbert space H.

[2. The covariance condition] A (projective) unitary representation (U) of the

Poincaré group exists, P↑
+ = R4 ⋊ L↑

+ on H such that

U(a, L)φ(x)U(a, L)∗ = φ(Lx+ a) (A.1)

for all (a, L) ∈ P↑
+ = R4 ⋊ L↑

+.

[3. The causality condition] φ(x), x ∈ R4, satisfy the local commutativity, that

is,

[φ(x), φ(y)] = φ(x)φ(y) − φ(y)φ(x) = 0 (A.2)

for all pairs (x, y) of mutually space-like points.
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[4. Vacuum state and the spectrum condition] A unit vector, Ω of H, called

the vacuum vector and a spectral measure (E) of R4 on H exist, satisfying

the following two conditions:

4.1 Ω satisfies U(a, L)Ω = Ω for all (a, L) ∈ P↑
+. E satisfies

U(a, I) =

∫

V+

eia·p dE(p) (A.3)

for all a ∈ R4, where V+ = {x = (xµ) ∈ R4 |x2 = xµx
µ ≥ 0 and x0 ≥

0} and a · p = aµpµ (Ω then satisfies E({0})Ω = Ω).

4.2 Ω is cyclic for P(R4), the polynomial algebra over C generated by

{φ(x) |x ∈ R
4}, i.e., H = P(R4)Ω = {XΩ |X ∈ P(R4)}.

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 x of the Minkowski space, so that φ(x) is simply a symbolic notation.

A neutral field φ(x) is irreducible if it satisfies the following condition: If B is a

bounded linear operator on H such that

〈Ω|Bφ(x1)φ(x2) · · ·φ(xm)Ω〉 = 〈φ(xm)∗φ(xm−1)
∗ · · ·φ(x1)∗Ω|BΩ〉 (A.4)

for every natural number m and points x1, · · · , xm 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 φ̂(p) of a field operator φ(x) is defined by

φ̂(p) =
1

(2π)2

∫

R4

e−ip·xφ(x) d4x. (A.5)

A field φ(x) is called a generalized free field if it satisfies the commutation relation

[φ(x), φ(y)] = iP (x− y)I (A.6)

for all x, y ∈ R4. The function P (x) is called the function defined by

P (x) =

∫ ∞

0

D√
ξ(x) dσ(ξ), (A.7)

where σ is a measure on R≥0 = {x ∈ R |x ≥ 0},

Dm(x) =
1

(2π)3

∫

R3

sin(p0x0)e−ip·x dp

p0
(A.8)

and p0 =
√

p2 +m2. The free Klein-Gordon field ϕ(x) with square mass m2(> 0),

a typical example, satisfies the commutation relation [ϕ(x), ϕ(y)] = iDm(x − y)I

for all x, y ∈ R4.

Theorem 1 (Greenberg-Robinson [42,43]). Let φ(x) be an irreducible neutral

field. If an open subset exists, O, of R4\V± such that φ̂(p) = 0 for all p ∈ O, where

V± = {x ∈ R4 |x2 = xµx
µ ≥ 0}, then φ(x) is a generalized free field.

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

φ̂(x) 6= 0 for all p ∈ R4.

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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流れが誘導する平衡から遠い量子構造 IV
Current-induced Non-equlibrium Structure IV
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⃝Itsuki Banno (Univ. of Yamanashi)

E-mail: banno@yamanashi.ac.jp

川添，大津らの開発したフォトンブリーディング（PB）[1]は間接遷移型半導体から高効率発光

デバイス作成を可能にし，その発光波長を決めるのは物質のバンドギャップではなくプロセス中の

照射光波長である．同時に巨大磁気光学効果 [2]や強磁性 [3]を発現する特徴をもつ．

本理論 [4]の目的は内在電磁場を原因として発光や磁気光学効果が増強される仕組みの解明であ

る．前回は間接遷移型半導体の発光増強のトイモデルを提案した．モデルの特徴は，内在ベクト

ルポテンシャルが存在し，(a)波数過剰というオフシェル性を持つこと，(b)非相対論性を起源と

した非線形性を有し，非摂動論的に考慮すると強調因子となること (c)光学フォノンなどの外電流

密度（流れ）と結合する１次摂動の存在であり，「基底状態から遠い定常状態」の出現が示唆され

た．そのシナリオは，非線形性と流れのインタープレイという意味で，非平衡熱力学の散逸構造

[5]と類似のものである．

本発表の内容は：(1)磁気光学効果にも上記 (b)と同様の強調因子が現れること，(2)上記モデル

の尤もらしさ；(a)オフシェル性,(b)非線形性,(c)１次摂動の強度の検証，(3)モデルが依拠してい

るオンシェル，オフシェル電磁場の従うMawell方程式を導く変分原理．

特に，(3)の変分原理は強い非線形性がある系を非摂動論的に／変分法で扱う際に有効である．

IEM+ =
1
2

∫
d4x
∫

d4x 1 ∆Aµ(x)
−1
c2 κ

µ
µ1(x, x1)∆Aµ1(x1) +

−1
c2

∫
d4x ∆Aµ(x)

{
ĵ(ext)µ(x) +

∫ 1

0
dζ ĵ(ind)µ(x; [ζ∆Aν])

}
−1
c2 κ

µ
µ1(x, x1) ≡ ϵ0

c
(∂σ∂σδ

µ
µ1 − ∂µ∂µ1)δ4(x − x1)

誘導電流密度の部分が電磁ポテンシャルの振幅のパラメータ積分で書かれ，構成方程式（ ĵ(ind)の

∆A依存性）は自由に設定できる；第１原理で導いてもよいし，現象論として導入してもよい．こ

の作用積分の電磁ポテンシャルによる最適化により，次の通常のマクスウェル方程式が導かれる

ので，光学全般に使えるものである．

(∂σ∂σδ
µ
µ1 − ∂µ∂µ1)∆Aµ1(x) =

1
ϵ0 c

(
j(ext) µ(x) + j(ind) µ(x; [∆A])

)
.
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オフシェル科学と因果性
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ドレスト光子研究をその嚆矢とするオフシェル科学は、相対論的な意味で「空間的」な領域の
間の「つながり」を正面から受け止める科学であるともいえる。この種の「つながり」は、直接
的に因果的な関係ではない一方で、因果性と矛盾するどころか、間接的な形では因果性と深く関
連しあっている。したがって、オフシェル科学を推進するうえで、「因果性」とは何かを深く掘り
下げることは不可避的に重要である。これは、「時空」概念を問い直すことと表裏一体である。
これまでの本学会における講演では、[2, 3]に基づき、量子場とその状態を「（部分的な）対合

構造をもつ圏上の圏代数とその上の状態」として定義することにより、圏構造としての相対論的
構造と非可換確率構造としての量子論的構造を直接に統合できることを示し、代数的量子場理論
や位相的量子場理論などの先行するアプローチとの概念的関係についても論じた。またこれらを
踏まえてオンシェル・オフシェルの概念を見直し、時空を「（構造づけられた）点集合」としてで
はなく「圏」—より詳細にいえば「（部分的な）対合構造を持つ因果的圏」[3]—として見直すこと
が、ドレスト光子研究 [1]に端を発するオフシェル科学にとって核心的であるという見方を提示し
た。ここでいう「因果的圏」は、きわめて抽象的な概念であって、因果性とは何かについては一
旦横に置く形で定式化されているが、これを現実的な因果性概念と関連付けることは、現象とそ
のモデルの関係性を明らかにするうえで根本的である。
本講演では、そもそも因果性とは何であるかを反省し、「時空：圏」「量子場：圏代数」「量子場

の状態：圏上の状態」という対応の枠組みにおいて「量子場の（局所）状態の遷移に関する（非決
定論的な）法則性」（それは「（局所）状態の類」「（局所）圏代数の間の完全正値写像の類」の概念
を用いて書ける）として定式化する。また、こうした法則性が因果的圏としての時空の構造から
誘導できることを示し、量子場の動力学を、この意味での因果性の様相として捉え直すことを提
案する。
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ネットワーク量子場からのドレスト光子
Dressed photons from network quantum fields

中部大工 1,　 ⃝ 岡村和弥 1

Chubu Univ.1, ⃝Kauzya Okamura1

E-mail: k.okamura.renormalizable@gmail.com

ネットワーク量子場の観点からドレスト光子のモデリングについての講演を行う。ネットワー
ク量子場とは，ネットワークおよび離散的な構造上に定義される量子場のことであり，量子場と
して有限自由度系から無限自由度系まで扱う対象である。本講演で重視する観点および研究目標
は以下の 3点である：
(1) 近年では量子ウォークによるモデリングが盛んになっている。それ以前のドレスト光子のモ

デリング [1, 2]の意義をネットワーク量子場として見直したい。
(2) そして，連続時間量子ウォークによるモデリングの可能性を議論できる体系（枠組み）を構

築したい。ここにおいては三宮氏のアプローチ [3]との比較も重要になる。
(3) ドレスト光子が関わる系に対する量子測定理論の開拓をしたい。
(1)と (2)は，ドレスト光子をオフシェル量子場として記述する試みにおいて，先行研究の意義を
明確にする目的がある。第一に，量子ウォーク以前のモデルをネットワーク量子場の特殊な場合と
して位置づけられることを説明する。量子ウォーク以前のモデルは量子場として記述できている
が，関わる物質の非一様性や欠陥などドレスト光子のモデリングにおいて特徴的な系の構造，そし
てダイナミクスを記述する目的には徹底されていなかった。非一様性や欠陥などについては，量
子ウォークモデルにおいて克服されており，ネットワーク量子場によるモデリングにおいても当
然組み込まれるべき観点である。量子ウォークモデルは離散時間でのダイナミクスの記述である
一方，今回提案するモデルは 1粒子状態においては連続時間量子ウォークモデルに対応するモデ
ルである。そのため，離散時間と連続時間でのモデリングの差については今後の検討課題である。
ネットワーク量子場における量子測定理論，そしてドレスト光子のモデリングと量子測定理論

の関係の追究が (3)である。講演者が研究してきた（相対論的状況をふくめた）量子場の測定理論
[4, 5]の知見を活かし，ネットワーク量子場およびドレスト光子のモデリングに対する測定理論を
継続的に研究している。今回は，上で行ったネットワーク量子場によるモデルが測定状況で被る
変化について行った解析の紹介を行う。ドレスト光子が関わる系においては，合成系の構築が物
理量代数のテンソル積に基づく有限自由度系とは異なるため，量子場の測定理論の知見が不可欠
である。この事実について実験と数理が対応することを説明する。
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正則グラフ上の量子ウォークの波動関数について
The wave functions of quantum walks on regular graphs

工学院大学
⃝齋藤正顕
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ドレスト光子（DP）を説明するモデルとして, 大津–瀬川 [3]によって 3状態の量子ウォーク
(QW)モデル（ドレスト光子の量子ウォークモデル）が提案され, 次元が 2以上の場合に, その数
値的な挙動が調べられている [4]. 本研究では, より基礎的なグラフ上の量子ウォークを扱う. 具体
的には, グラフG = (V,E)の隣接行列を Aとするとき, 時間発展行列を U(t) = eitA/2とし, 初期
状態をΨ(0) ∈ C(V )とするとき, 時刻 t ≥ 0における状態が

Ψ(t) = U(t)Ψ(0)

によって定められる連続時間量子ウォークについて考察する. このような量子ウォークモデルは,

グラフ上のシュレディンガー方程式として, 昔から研究されてきた. グラフGが 1次元格子 Z, サ
イクルグラフCN , 正則木 Tq+1の場合については, [2]などがある. 詳しくは,[1], [2], [5], [6] 等を参
照のこと. しかしながら, 特定の種類のグラフの族だけを扱った研究が多く, 正則グラフを統一的
な視点で扱う研究は少ないようである. 本研究では, 跡公式の観点から正則グラフの時間発展行列
の統一的な表示を与える. これは, [2]で扱っているいくつかの例が示唆するように J-ベッセル関
数を含む式で表され, またグラフのパスの個数に関する幾何的な情報を持った数列を含む. 併せて
頂点推移的で, girth が発散するような正則グラフの増大列 (Gn)の場合についても考察した.

謝辞 この研究の一部はドレスト光子研究起点の支援を受けています.

参考文献
[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] 今野紀雄, 量子ウォークの数理, 産業図書, 2008.

[3] M. Ohtsu, A QuantumWalk Model for Describing the Energy Transfer of a Dressed Photon, Preprint,

2021, Offshell: 10.14939/2109R.001.v1.

[4] 大津元一, 瀬川悦生, 結城謙太, 量子ウォークモデルによるドレスト光子エネルギー移動のシミュレー
ション, 2022年第 83回応用物理学会秋季学術講演会 (講演番号 22a-A101-6).

[5] R. Portugal, Quantum walks and search algorithms, Quantum Sci. Technol., Springer, New York,

2013, xii+222 pp.

[6] S. E. Venegas-Andraca, Quantum walks: a comprehensive review, Quantum Inf. Process.11(2012),

no.5, 1015–1106.

第85回応用物理学会秋季学術講演会 講演予稿集 (2024 朱鷺メッセほか2会場＆オンライン)18p-A33-16 

© 2024年 応用物理学会 03-177 3.11



ドレスト光子の自律的移動経路を決める最適散逸 

Optimum dissipation for governing the autonomous transfer of dressed photons 
ドレスト光子 1，横浜国大 2，Middenii3, 工学院大 4 
○大津元一 1，瀬川悦生 2，結城謙太 3,4, 齋藤正顕 4 

Res. Origin Dressed Photon1, Yokohama Ntnl. Univ2, Middenii3, Kogakuin Univ.4 
○Motoichi Ohtsu1, Etsuo Segawa2, Kenta Yuki3,4, Seiken Saito4 

E-mail: ohtsu@rodrep.or.jp 

 

【まえがき】多数のナノ寸法粒子（NP:NPS)の

三次元配列の光照射位置に発生したドレスト

光子（DP）はフォノンと結合してドレスト光子

フォノン（DPP）を生成し、NPS間を自律的に移

動し出口の NP（NPL)に達して外部に光放射する。

この現象は従来の On-shell 科学を支配する最

小作用の原理には従わない。本講演ではこの現

象への散逸過程の関わりを示す。 

【方法】実験によれば出口までの DPPの到達可

能距離 L0は三次元配列の厚さ H の増加ととも

に増加する（図 1(a))[1]。理論面に目を向け

ると DP の特性解析には相互作用、さらには散

逸が本質であることがわかっている[2]。相互

作用は非可換な物理過程なので、非可換代数の

量子ウォーク（QW）モデルが有効である。この

モデルに散逸の効果を取り入れたこれ迄の計

算結果は実験結果と整合している[3]。さらに

Si 結晶中の B 原子対に局在する DPP の生成確

率は散逸係数κが 0.2（＝κopt)のときに最大

となる（図 1(b))。B原子対を NP に置き換えれ

ば図 1(a)が解析可能である。 

【結果】散逸係数κは内部散逸係数κ

internal(=N・αloss）（N： NP の数、αloss:各 NP

での損失係数)と出口（NPL）での放射緩和に起

因する散逸係数κout の和である。ここで N は

三次元配列の三軸方向の NP の数 Nx,の積に比

例し、また、配列の厚み H は Nzに比例するか

らκ∝Hである。これは上記の最適値κoptは H

にも最適値 Hoptがあることを意味するので、図

1(a)の実験結果は図 1(b)中の領域 A（H＜Hopt）

に対応する。すると LOは H=Hoptにおいて最大と

なり（最適経路）、その後は H の増加とともに

減少することがわかる（領域 B：H＞Hopt）。こ

の最適経路は有限数の NP により構成されるの

であり、以上の特性は最小作用の原理とは異質

であり、オフシェル科学固有である。 

【まとめ】QWモデルにより DPエネルギー移動

後の放射光パワーを最大とする最適散逸量、最

適経路があることを示した。これは新しいナノ

寸法光デバイスを作るには三次元配列には有

限値の最適寸法があることを示唆する。 

 

図 1 最適経路の条件 

【文献】 
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量子ウォークモデルから見たドレスト光子が自律的に選択するグラフ上の
パス

Paths on the graph chosen autonomously by dressed photons from the quantum walk
model

⃝瀬川悦生 (横浜国大)1，斎藤正顕 (工学院大)2,　結城謙太 (Middenii)3,大津元一 (ドレスト光子)4,
⃝ Etsuo Segawa(Yokohama Nat. Univ.)1, Seiken Saito(Kogakuin Univ.)2, Kenta Yuki(Middenii)3,

Motoichi Ohtsu(Dressed photon)4.
E-mail: segawa-etsuo-tb@ynu.ac.jp

任意のグラフ上のドレスト光子のエネルギー移送問題 [1]の量子ウォークによる素子化モデル [2],

を提案する. グラフ上の各頂点にその隣接頂点に関する巡回置換 (ローテーション)を与える。そ

して、元のグラフの隣接構造を保ちつつ、各頂点をこの巡回置換にしたがった有向サイクルに置

き換えたグラフを拡張グラフと呼ぶ。したがって、この拡張グラフの各頂点において、元のグラ

フの隣接構造から由来するするものと、各頂点のローテーションから由来する 2種類の有向辺が

存在する。これをドレスト光子の各頂点における局所的な 2種類の跳躍経路とみなす。さらにフォ

ノンによる跳躍の抑止性を与えるため、その各頂点にセルフループを設ける。この各頂点上に適

切な 3次元のユニタリ行列 H = (hi, j)i, j=1,p,2を与えることで、量子ウォークによる素子化モデルの

時間発展を定義することができる。このときの定常状態において、ドレスト光子がどのような振

る舞いをするのかについて考察する。まず、定常性とフォノンのこのモデルにおける役割により、

ドレスト光子の 2種類の跳躍の中に、フォノンの役割を反映させた次のような 2次元のユニタリ

行列 H̃による時間発展として書き直すことができる。

Lemma 1. 既約化された量子コイン H̃ = (h̃i j)i, j=1,2は次のように書き表される。

h̃i j = hi j +
hiphp j

1 − hpp

=
1

1 − hpp

(
hi j − (−1)i+ jDet(H)h̄¬i,¬ j

)
この Lemmaと H̃のユニタリ性から次の事が導出される.

Theorem 1. 定常状態において, h11 = Det(H)h̄22を満たすとき, ドレスト光子はローテーションに

よって誘導されるグラフの閉曲面埋め込みにおける各面の境界に沿って動く.

この定理の条件を満たすものは, [2]によって提案されている典型的な量子ウォークのドレスト

光子シミュレーションモデルの中で現れている. しかしながら, [1]の結果との整合性の観点から,

この条件を緩和させ h11 − Det(H)h̄22 ∈ Rとなるものが良いことが [3]から示唆できる.
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物質構造を介したドレスト光子高励起状態の生成 

Generation of Highly Excited States of Dressed Photon via Matter Structure 

(株)リコー ○三宮 俊 

Ricoh Co., Ltd. 

○Suguru Sangu 

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

1. はじめに 

ドレスト光子は原子や量子ドットなどの質点を表わすノードに束縛された準粒子としてモデル

化することができる。このモデルを用い、ドレスト光子を介在した物理現象(不純物位置の固定化

や発光現象など)の解明を試みている[1]。これらの現象はナノ物質系から外界へのエネルギー散逸

が重要な役割を担っており、その制御方法の確立や高効率化は将来的な技術課題である。著者ら

は近年、散逸現象とドレスト光子の高励起状態(複数個のドレスト光子を内在する状態)との関係

に注目し、理論検討を進めている。高励起状態は Dicke の超放射と類似の基底状態[2]で記述する

ことができ、空間対称性に起因した高速な緩和現象の発現が示唆される。また、ドレスト光子が

主役となるナノ物質系は人工的に製造可能であり、多様な光学機能実現への展開が期待される。 

本発表では、上述内容の予備的検討として数値シミュレーションを基に、ドレスト光子の高励

起状態を効率的に生成する物質構造について検討した結果を報告する。 

2. 数値シミュレーション 

数値シミュレーションでは、散逸を加味した量子密度行列の運動方程式(Lindblad方程式)の定常

解を数値的に算出し、各基底状態の占有確率を評価する。ここで、基底状態とはドレスト光子が

物質を表わすノードに束縛された状態を示し、これは物質励起、光子、フォノンの混合状態を準

粒子と見なした描像である。物質構造とドレスト光子の励起状態との関係を調べるため、本講演

では最近接距離に配置したノード対を中央に固定し、その周囲にランダムにノードを配置した物

質モデルを解析対象としている。 

3. 数値解析例と考察 

Fig. 1は、6ノードの物質モデル多数生成し、ドレスト光子基底状態の占有確率を算出した結果

の一例を示す。ノード間の配置に規則性がない場合、占有確率は平坦な分布となるが、幾つかの

物質モデルでは Fig. 1(b)に示すように、3個のドレスト光子を内在する状態(3DP 状態)において基

底状態の選択的な励起が観測できる。3DP 状態は基底の数が多く、ノードの空間配置に依存して

励起および緩和のレートが異なるために、占有確率に偏りが現れるものと推察される。構造の特

徴として、対配置または鎖状配置を有する物質モデルにおいて占有確率の分散性が高くなる傾向

を確認しているが、より詳細な物理的解釈さらにはノード数影響等について現在検討を進めてお

り、講演ではその内容も含めて報告する。 

参考文献 

[1] 三宮・他，2024年第 71回応用物理学会春季学術講演会 講演予稿集(2024) 24a-11F-7. 

[2] M. Gross and S. Haroche, Phys. Rep. 93 (1982) 301. 

    
(a) 物質モデル(6 ノード) (b) 基底状態の占有確率 

Fig. 1: 非平衡定常状態におけるドレスト光子状態の数値解析例 
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レーザー学会 レーザー普及セミナー（2024 年 8 月 12 日）福井大学遠赤外領域開発研究センター 

〔招待講演〕 

ドレスト光子の自律的移動とその原理 

 

〇大津元一 1、瀬川悦生 2、結城謙太 3、齋藤正顕 4 

１（一社）ドレスト光子研究起点、2横浜国大、3Middenii、4工学院大 

 

講演概要 ： 微視系内部でのドレスト光子（DP)の移動は従来の最小作用の原理には従わない。

本講演ではその実験結果を紹介し、次にそれを説明するための量子ウォーク理論を提示する。

両者を比較し、この移動は DP から巨視系に放射され る光パワーを最大にするように自律

的に調整されることを示す。いわば DP の 移動は出力最大化の原理に従う。その際、微視

系内部でのエネルギー散逸が重要な役割を果たすことを指摘する。以上の議論はドレスト光

子に限らず、 生物系など、複雑系の振る舞いなどにも適用可能である。 



流れが誘導する平衡から遠い量子構造 III
Current-induced Non-equlibrium Structure III

⃝坂野　斎 (山梨大院)
⃝Itsuki Banno (Univ. of Yamanashi)

E-mail: banno@yamanashi.ac.jp

川添，大津らの開発したフォトンブリーディング（PB）[1]は間接遷移型半導体から高効率発光

デバイス作成を可能にし，その発光波長を決めるのは物質のバンドギャップではなくプロセス中の

照射光波長である．また，高効率の発光と同時に巨大磁気光学効果 [2]や強磁性 [3]を発現する特

徴をもつ．この理論 [4]の目的は内在電磁場を原因として発光や磁気光学効果が増強される仕組み

の解明であり，概要は以下のとおり．今回の発表の新規の部分は (5)以下である．

(1) PBプロセスで製作されたデバイス（PBデバイス）の磁気的効果の発現から内在ベクトルポ

テンシャル (VP)の関与を，現象の強さからコヒーレント長が大きな電子系の存在を想定する．

(2) 電子の場と電磁場ポテンシャルを変数する通常の量子電磁力学の半古典的作用を出発点とす

る．開放系熱力学の散逸構造の類似として，(a)「流れ（1次摂動）」と (b)「非線形性」の存在に

よって，基底状態から遠いところに最小作用の原理に適う動的状態が現れることを期待し，作用積

分中に (a)として内在 VPを伴う光学フォノンを，(b)として内在 VPへの非線形応答を考慮する．

(3) ４元誘導電流密度を線形・非線形感受率のハイゼンベルグ演算子により表し，その式中の電

磁ポテンシャルのスケール積分によって物質場のラグランジアンを構成する．この処方は作用積

分中の電子の場の最適化に相当する．

(4) 非相対論系特有の非線形効果として内在VPの自己相関と電荷密度の結合がある．電磁ポテン

シャルと感受率の変換で誘導電流密度を不変に保つものを利用して，この効果をスカラーポテン

シャルの一部として無限次数まで取り込む．このように用意した作用積分の演算子を非線形感受

率演算子に対して再帰的な電子状態で期待値を取る．４元電流密度演算子の非可換性により，内

在 VPの非線形効果が発光や磁気光学効果を担う誘導電流密度の変調因子をもたらす．

(5) 作用積分における電磁ポテンシャルの最適化は外電流密度と内在 VPで変調された誘導電流

密度の下でマクスウェル方程式を解くことである．大振幅のVPの解があれば，最小作用の原理に

適う基底状態から遠い動的状態である．その実現には，作用積分における (4)の非線形効果の非摂

動論的扱いと電磁ポテンシャルがマクスウェル方程式の解であることの相乗効果が必要である．

(6) 以上より，トイモデルの提案を目指す．また，内在電磁場を量子場とする必要性を検討する．
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時空領域の創発とドレスト光子の存在について
On the emergence of spacetime and existence of dressed photon

ドレスト光子研究起点、佐久間弘文
RODreP, Hirofumi Sakuma

E-mail: sakuma@rodrep.or.jp

ドレスト光子（DP）研究起点の設立と共に、
開始された DPの新理論研究は、未解明の量
子場の深い意味を、DP現象を切り口として、
改めて考えて見るという挑戦である。素粒子
物理においては、長らく、（１）粒子状の物質
と（２）物質の相互作用を担う力の場が主要
テーマとなっていたが、最近では、これに加
え、entanglement による量子相関が時空を創
発するのではという事も言われている。時空
という概念は、物理系を記述する上で必須な
概念であり、この事は、宇宙論における未解
明なダークマター (DM)およびダークエネル
ギー (DE)の記述に対しても同様である。通常
物質が宇宙全体で占める割合は数パーセント
とで、残りは DMと DEであるという事実は、
時空は通常物質以上に、DMと DEの存在と
密接に関係しているのではという推論を有力
視する根拠を与えている。
量子場の相互作用には spacelike momentum

場が必須であるという事を示した Greenberg-
Robinson (GR) 定理から出発し、ここ２，３
年間に達成した DPの理論研究の成果 [1]は、
まさにその事ー時空と DE及び DMとの密接
な関係ーを示すものであった。具体的に言え
ば、spacelikeな電磁場が spacelikeな時空であ
るDEを形成すると同時に、DEと連動する形
で、「光」の場の “共形不変性”の破れに対応す
る形で創発される timelikeな “Weyl conformal
gravity”場がDMの場として理解され、この場
が timelikeな時空を構成すると言う事である。
小嶋の代数的量子場理論に基づく「量子・

古典対応」 (MMD) [2] においては、DHRの
セクター理論を発展させた generalized sector
(GS) が導入されて、GSは factor 表現により
明確に、非可換な表現を持つ量子的 GS と可
換な表現を持つ古典的 GS に分類され、ミク
ロの量子場の無数の集積により古典場が生じ
ているという自然な形で量子場と古典場が結

び付く事が示される。GR 定理から量子場に
は timelikeおよび spacelikeな時空が随伴して
いる一方、古典場には timelikeな時空のみが
随伴していると仮定する事は自然な仮定であ
ると思われる。その様な仮定の下では、量子
的GSと古典的GSとの相互作用は、必然的に
timelikeな時空と spacelikeな時空との相互作
用を伴うという事が導かれる。
今回の発表においては、「光」の場の “共形

不変性”の自発的破れに伴う仮想粒子としての
南部・Goldstone (NG) bosonとはDP理論にお
いていかなる表現をとるのかを考察し、更に
は、この観測にはかからない仮想粒子が、量
子的 GSと古典的 GSとの相互作用を担う質
量ゼロの “gauge boson”的役割を果たしてい
るのではという可能性を考察する。発表者の
これまでの研究 [3]により、長さの次元を持つ
DP定数 (≈ 40 nanometer)は、量子的領域と古
典的領域の境界を示す Heisenberg cut に対応
している事が示されているが、その事も、今
回の考察と整合的であると思われる。DPの生
成、移動、消滅というナノ光学にとって重要
な一連の現象は、物理学的にはナノ光学とい
う一分野を越えて、量子および古典的領域の
相互作用にとって中核的なものである可能性
を考察する。

参考文献
[1] Sakuma, H. et al. Int. J. Mod. Phys. A (2022)
2250155. (https://doi.org/10.1142/S0217751X2
250155X).
[2]小嶋泉、量子場とミクロ・マクロ双対性、
2013、丸善出版。
[3] Sakuma, H. and Ojima, I. Symmetry 2021,
13, 593, doi:10.3390/sym13040593.
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ドレスト光子の物理量代数について
Off-shell Science and the Concept of Spacetime

⃝西郷甲矢人 (長浜バイオ大学)
⃝Hayato Saigo (Nagahama Institute of Bio-Science and Technology)

E-mail: h saigoh@nagahama-i-bio.ac.jp

ドレスト光子の振る舞いを量子場として理解する上で欠かせないのがその「物理量代数」の構造
である。そもそも量子場は、代数的量子場理論の観点よりすれば、時空領域に対しそこで意味を
持つ物理量代数を対応させる対応付けであってしかるべき公理を満たすものと考えられるが、本
講演においては、このような意味での時空/物理量代数の構造が、いかにしてドレスト光子に対し
て与えられるかを「圏代数」の概念を用いて明らかにする。

2022年春・2022年秋の本学会における講演では、[2, 3]に基づき、量子場とその状態を「（部分
的な）対合構造をもつ圏上の圏代数とその上の状態」として定義することにより、圏構造として
の相対論的構造と非可換確率構造としての量子論的構造を直接に統合できることを示し、代数的
量子場理論や位相的量子場理論などの先行するアプローチとの概念的関係についても論じた。ま
た、内部自由度を持つ状態空間の取り扱いを通じて、このアプローチがオフシェル科学への量子
ウォークからのアプローチやネットワーク上の「（一般化された）生成消滅演算子」を活用するア
プローチとも深く関連していることを明らかにしてきた。また、2023年春にはこれらを踏まえて
オンシェル・オフシェルの概念を見直し、2023年秋には時空を「（構造づけられた）点集合」とし
てではなく「圏」—より詳細にいえば「（部分的な）対合構造を持つ因果的圏」[3]—として見直す
ことが、ドレスト光子研究 [1]に端を発するオフシェル科学にとって核心的であるという見方を提
示した。
本講演では、ナノ粒子の相互関係から上記の意味での一般化された時空構造が生じ、そこから

自然に定まる圏代数がドレスト光子の物理量代数に他ならない、とする理論的提案を行う。さら
に、この提案の物理的妥当性を検討するとともに、それが通常の有限自由度量子力学の枠組み（特
にそこで用いられる通常の行列代数）からいかに異なっているかを論じる。以上を通じて、圏論・
作用素環論・非可換確率論及び量子ウォークの数学的理論とドレスト光子の研究がいかに関連す
るか（すべきか）を明らかにしたい。
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代数的量子場の測定理論
Measurement theory for algebraic quantum fields

中部大工 1，　 ⃝岡村和弥 1

Chubu Univ.1,　 ⃝Kauzya Okamura1

E-mail: k.okamura.renormalizable@gmail.com

本講演では，量子場の測定理論について発表する。代数的量子場理論（AQFT）による量子場の
定式化 [1]に基づき，量子場の自由度および状態空間の構造と関連させて測定の中心概念である量
子インストルメント（quantum instrument）を量子場において定義する。
以下のトピックについて，講演者は近年注力している：

(1) 量子場の概念と数理の深化

(2) 量子場における量子測定理論とその数理

(1)に関しては，現行様々に提案している定式化のどれも，相対論的状況下では具体例は自由場を
除いて（存在証明や構成において）多くの数学的困難と直面することが動機となっている。それ
故，新しい手法が必要であるが，より根本的に量子場の概念や定式化そのものを吟味するアプロー
チを採用し研究を行っている。一方で，(2)の量子場の測定理論ついては，単に量子力学系での量
子測定理論を踏襲するだけでは不足で，量子場特有の「事情」を考慮して概念を組み立てていか
なければならず，概念から吟味しなおす研究が不可欠である。本講演はその一環である。これは
ドレスト光子 [1, 2]のモデリングとも無関係でないばかりか，ドレスト光子が関わる現象に対する
測定の定式化とも直結する。
上の量子場特有の「事情」とは，量子場のもつ局所性（より正確には因果構造）やダイナミク

スのことである。物理量代数のレベルにおいて，局所性とは，互いに空間的な領域にあるそれぞ
れの領域の物理量は互いに可換となることである。そして，有界な時空領域で行う測定は空間的
な領域に影響しないという条件を課すことが，局所性の測定における扱いである。ダイナミクス
に関しては，相対論的量子場は非相対論的な状況とは大きく異なり，自由場と相互作用場のギャッ
プが Greenberg-Robinsonの定理などとして示されている。

Haag-Kastler [3]で導入されたAQFTの概念を参照しつつ，本講演では量子場の測定理論を展開
する。量子場の時空局所的に測定可能な物理量のなす代数の集まりである局所ネット（local net）
と，既存の量子インストルメントの数理 [4, 5, 6]を統合させた理論について講演では紹介をする。

参考文献
[1] 大津元一，小嶋泉編著,『ここからはじまる量子場―ドレスト光子が開くオフシェル科学―』，(朝
倉書店, 2020).

[2] 大津元一，『ドレスト光子』，（朝倉書店, 2013）.

[3] R. Haag and D. Kastler, J. Math. Phys. 5 (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.
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量子ウォークは近道を探せるか？
Can quantm walk find the shortest path ?

⃝ 瀬川悦生 (横浜国大)1，大野博道 (信州大)2,　松岡雷士 (広工大)3

⃝ Etsuo Segawa(Yokohama Nat. Univ.)1, Hiromichu Ohno(Shishu Univ.)2, Leo
Matsuoka(Hiroshima Inst, Tech.)3.
E-mail: segawa-etsuo-tb@ynu.ac.jp

本研究では,ドレスト光子のエネルギー移送問題の素子化モデル [1]として考えられている量子

ウォーク [2]が,最短経路を探し出せるかどうかについて考察する. 今回は簡単のため, Grover walk

で考察する. そのために,連結単純グラフの 2点を選び,入口,出口とし,迷路とみなす. この 2つに

セルフループを加え, さらに入口にシンクである葉も加える. 初期状態として, 入口頂点のセルフ

ループからスタートさせ,時間発展は Grover walkによる時間発展とする. すると,まず次の事が示

せる.

Proposition 1. µt ∈ [0, 1]V を時刻 tでの各頂点における生存確率とする. すると

∃ lim
t→∞

µt =: µ∞.

さらに,初期状態を ψ0とおくと,

µ∞(u) =
∑

t(a)=u

|(ΠCψ0)(a)|2

ここで, ΠCは [4]の Case Cもしくは Dに相当する固有空間への射影作用素である.

この事実を用いると次のようなことが導かれる.

Theorem 1. オリジナルのグラフがツリーのとき,スタートとゴールを結ぶ最短経路 ξ = (a1, . . . , ar)

とおくと,

supp(µ∞) = {a1, . . . , ar} ∪ {セルフループ }

ツリーにはサイクルがないので,まわり道が存在しない. そこで,次のように沢山周りに道を用意

したイジワルな迷路はどうなるかを考える. 縦 m,横 ℓの長方形が横方向に r個連なった階段を考

える. さらにこの左上端と右上端にそれぞれ長さ ℓのパスをつけ,その端点をそれぞれ入口と出口

とする. このグラフを Γrとする. すると

Theorem 2. グラフ Γr の各長方形を左から順に C1, . . . ,Cr とする. 各 C jの横の辺が観測される確

率を p jとする. すると p j > p j+1となる.
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[1] M. Naruse et al., Nano Communication Networks 2 (2011) 189–195.
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偏光に関する光子ブリーディングの 3 次元量子ウォーク解析 

Three-dimensional quantum walk analyses of photon breeding  

with respect to photon spin 
ドレスト光子 1，横浜国大 2，Middenii3, 工学院大 4 
○大津元一 1，瀬川悦生 2，結城謙太 3,4, 齋藤正顕 4 

Res. Origin Dressed Photon1, Yokohama Ntnl. Univ2, Middenii3, Kogakuin Univ.4 
○Motoichi Ohtsu1, Etsuo Segawa2, Kenta Yuki3,4, Seiken Saito4 

E-mail: ohtsu@rodrep.or.jp 

 

【まえがき】間接遷移型半導体である Si 結晶

にドレスト光子（DP）とフォノンの結合場

（DPP）を用いたアニールを施して製作した発

光素子（LED、レーザーなど）は光子ブリーデ

ィング（PB）という際立った性質を有する。

これ迄に発光の光子エネルギー、スピンに関す

る PB が観測されている 1)。運動量に関しては

量子ウォーク（QW）モデルにより再現されて

いる 2)。即ちこれらは DPP 援用アニール時に

照射する光のそれらの複製になっている。本講

演では光子のスピン（偏光）に関する PB を

QW モデルにより解析した結果を報告する 3)。 

【方法】ここでは Si 結晶中の B 原子対の方向

がｘ軸方向のとき、ｙ軸方向の直線偏光の入射

光により生成する DPP がこの対に閉じ込めら

れる確率が大きいことを示す。偏光を取り扱う

ために 3 次元 QW モデルを用いる 4)。Si 結晶を

表す 3 次元立方体状格子への入射光（直線偏光

は y 軸方向）により各サイトに生成した DP は

x 軸方向に跳躍し、またフォノンと結合して

DPP を形成する。次に y 軸、z 軸方向に順次跳

躍する。これを繰り返し格子中心に配置された

B 原子対に到達し閉じこめられる。格子のサイ

ト数は 21x21x21。DP の跳躍エネルギーJ、フ

ォノンとの結合エネルギーχの比は B 原子の

位置ではχ/J=20、その他では 1 とした。 

【結果と考察】B 原子対の位置での DPP の閉

じ込めの確率の計算結果を図 1 に示す。 

 
図 2 DPP の閉じ込めの確率 

図中●、○は B 原子対が各々x 軸、ｙ軸方向を

向いている場合の結果であり、前者の値が大き

いことがわかる。これをもとに PB の度合いを

表す尺度 DoPB を求めると 2％であった。これ

は発光の偏光度の測定値と整合し 1)、偏光に関

する PB を再現することができた。 

【まとめ】3 次元 QW モデルを用い偏光に関す

る PB を解析した。その結果は実験結果と整合

した。 

【文献】1) M. Ohtsu, Silicon Light-Emitting Diodes and 

Lasers, Springer, Heidelberg (2016) Chapter 3. 

2) 大津、瀬川、結城、齋藤、第 84 回応用物理学会秋

季学術講演会（2023 年 9 月）講演番号 22p-310-7. 

3) M. Ohtsu et al., Off-shell Archive (November, 2023) 

2311O.001.v1. doi 10.14939/2311O.001.v1. 

4) M. Ohtsu, Off-shell Archive (September, 2021) 

2109R.001.v1. doi 10.14939/2109R.001.v1. 

第71回応用物理学会春季学術講演会 講演予稿集 (2024 東京都市大学　世田谷キャンパス＆オンライン)24a-11F-6 

© 2024年 応用物理学会 03-448 3.11



ドレスト光子の局在および散逸における物質系の幾何学的構造の影響 

Influence of Matter-System Geometry on Dressed-Photon Localization and Dissipation 

(株)リコー1，長浜バイオ大 2，ドレスト光子研究起点 3 ○三宮 俊 1，西郷 甲矢人 2，大津 元一 3 

Ricoh Co., Ltd 1, Nagahama Inst. Bio-Sci. Tech. 2, Res. Origin Dressed Photon3 
○Suguru Sangu1, Hayato Saigo2, Motoichi Ohtsu3 

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

1. はじめに 

ドレスト光子を起源とする特異な物理現象の機能光学デバイスへの応用が期待されている。例

えば、従来、光学禁制とされていた間接遷移型半導体による発光素子や、非磁性材料を用いた巨

大磁気光学効果デバイスなどが報告されている[1, 2]。このような光機能は遠方場において観測さ

れるため、ドレスト光子の特性を自由光子に転写し、効率よく物質系外へ取り出すことが必要で

ある。本発表では、数値シミュレーションを足掛かりに、ドレスト光子から自由光子への変換に

際して物質系の非対称性の果たす役割について考察するとともに、自由光子の取出しに求められ

る構造の要件について議論を行う。 

2. 数値シミュレーションによる知見 

これまでの研究[3]を踏襲し、ドレスト光子を複数のノードに束縛された調和振動子としてモデ

ル化し、それぞれのノードを占有し得る全てのドレスト光子の組み合わせを基底状態とした量子

密度行列の運動方程式（Lindblad 方程式）を数値的に解き、各基底状態の占有確率または基底状

態間の遷移確率を算出する数値シミュレーションを行った。ここで、ドレスト光子が全てのノー

ドを占有する高励起状態まで基底状態として考慮している点を強調しておきたい。本数値シミュ

レーションを用い物質系の対称性の影響を調

べるため、Fig. 1 に示す計算例では 6 個のノ

ードを円中央と円周部に配置したモデルを考

え、非平衡定常状態におけるドレスト光子の

占有確率を算出した。グラフの横軸は取り得

る基底準位のラベルであり、ドレスト光子の

個数に応じて色分けしている。各ノードを等

間隔に配置した系(Fig. 1(a))と乱数によりク

ラスタ構造を生成した系(Fig. 1(b))において

明らかな差異が確認でき、非対称な構造が特

定の（高励起）基底状態の占有確率を選択的

に高めることが明らかとなった。 

3. 考察 

上述のように、特定の基底状態が選択励起され、この状態が双極子遷移許容な状態である（ド

レスト光子の個数を変える遷移が確認できる）ことから、非対称性を有する系では効率的な自由

光子の放出が示唆される。また、占有確率の低い基底状態はダーク状態に相当し、ダーク状態の

存在がエネルギー移動を阻害することで散逸経路を限定し、特定の基底状態の占有を促している。

講演では、自由光子放出の効率を評価指標とした最適構造の探索についても議論したい。これは

ドレスト光子を介した自律的な構造形成とも密接な関係があるものと推察する。 

参考文献 

[1] M. Ohtsu, Silicon Light-Emitting Diodes and Lasers: Photon Breeding Devices Using Dressed Photons 
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[3] 三宮・他，第 84回応用物理学会秋季学術講演会 講演予稿集(2023) 22p-A310-8. 

 

Fig. 1: 基底状態の占有確率の数値シミュレーション

結果。(a)等方配置、(b)クラスタ構造あり 

(a)

(b)
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招待講演 

レーザ光制御マイクロ液滴ロボット 

Laser light controlled microdroplet robot 
○納谷 昌之 1,2，佐藤 守 1、白田 真也 1、三友 秀之 3、居城 邦治 3、斎木 敏治 1 

(慶應義塾大学理工学部 1、納谷ラボ 2、北海道大学電子科学研究所 3) 
○Masayuki Naya, Mamoru Sato1, Shinya Hakuta1, Hideyuki Mitomo1, Kuniharu Ijiro1, Toshiharu Saiki1  

(1Keio Univ. ,2Naya-lab., 3Hokkaido Univ.) 

1. 

1. はじめに 
自らが推進力を持って自己駆動する物質を

アクティブマターと呼ぶ 1)。アクティブマター

は、非平衡状態における物理現象、生命活動の

起源、環境を利用した自然知能などにつながる

重要な基礎科学であると同時に、新たな微小駆

動源、微小流体による精密な物質輸送などへの

応用などが期待され、近年、物理、化学、生物、

情報、機械など、さまざまな分野からの注目が

高くなっている。多くの研究は、あらかじめ存

在する個体微粒子や液滴などの、個々あるいは

集団的な運動を取り扱っている。これに対し、

我々は、光を用いることで、発生から消滅、輸

送、運動など、そのすべてのプロセスを人為的

に自由にコントロールできるアクティブマター

の実現を目指している。本講演では、レーザ光

の ON/OFF によって発生・消滅し、さらにレー
ザ光のパワーなどに依存して自発的運動や変形

をするマイクロ液滴ロボットについて報告する。 
 

2. 実験系 
高揮発性かつ低表面張力の液体と低揮発性

かつ高表面張力の液体の混合液の薄膜の一部に

光を照射し、光熱効果で局所的な高温領域を形

成することで、光を照射した領域に液滴が発生

する。これは、光熱効果による局所的発熱によ

る液体の蒸発、熱マランゴニ対流、濃度マラン

ゴニ対流の相乗作用によってレーザ光照射領域

に局所的高表面張力領域が生じて液が集合する

ことで生じる現象である 2)。 
我々は、レーザ光照射によって蒸発する気体

が閉じ込められるサンドイッチ構造によって、

開放系と比べて、より微小な液滴や、サンドイ

ッチ構造内でのメニスカス架橋液滴が発生し、

さらにはレーザ光の操作で液滴の移動が可能で

あることを示した 3)。さらに、照射するレーザ

光の強さやビーム形状に依存して、発生した液

滴が自己駆動運動することを見出した 4)。図１

にサンドイッチ構造の実験系を示す。用いた液

体は、エタノール（高揮発性かつ低表面張力）

とポリエチレングリコール（PEG200:不揮発性か
つ高表面張力）の混合液である。この液を、金

の薄膜を形成したガラス基板ともう一枚のガラ

ス基板に挟み込むことで、液が上下の基板間で

メニスカス架橋したリザバー部と、架橋してい

ない空気層が形成される。図２に示す実験系に

より、空気層の金膜にレーザ光（波長 532nm）

を照射すると、金の光熱効果によって局所的加

熱が生じ、それによってレーザ光の照射位置に

液滴が発生する。液体が架橋していない空気層

で液滴が発生する理由は、一見、液体が無いと

見える場所にも、表面張力によって数十 nm 程度

の薄い液体の前駆膜（プリカーサ膜）が形成さ

れているためである 5)。 
 
3. 実験結果 
(a) 金薄膜基板での実験 
図３は、厚さ 25nmの金膜を形成した光熱変

換基板を用いた実験の結果である。この系では、

空気層の右下側は基板エッジ部で大気に解放さ

れている。図に示す通り、レーザ光を ON する
ことで何もなかった領域に微小な液滴が発生し、

レーザ光を OFFすることで液滴が開放側に向か

って飛び去っていくことが観測された。直進運

動の原因としては、エタノールの選択蒸発によ

図 1. サンドイッチ構造による液滴発生 図 1. サンドイッチ構造中での液滴発生 

図 2. 実験光学系 
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り、プリカーサ膜の PEG濃度が開放側に向かっ

て高くなっており、そのような濃度勾配の中で、

濃度マランゴニ対流、及びに Fick 則による液滴

からの PEGの拡散による駆動力が生じているた

めと考えられる。 
 

 
空気層が気泡となって密閉されている場合

には、レーザ光照射位置を中心とした液滴の自

励的な回転運動が生じる。この原因としては、

液滴の中に非線形流れが生じること、液滴中に

PEG 濃度の不均一性、表面張力不均一分布が発

生し、拡散やマランゴニ対流の非対称性によっ

て駆動力が生じていることなどが考えられる。 

  
(b) 金ナノ粒子分散基板での実験 6) 

複数の微小な光熱変換点の間の複雑な流体

ネットワークが生じるときの液滴の挙動を探索 

するため、我々は直径 40nmの金ナノ微粒子を表

面にランダムに分散した基板を用いた実験を行

った。基板上に波長 532nm のレーザ光をデフォ

ーカスして広い範囲に照射すると、光スポット

領域に存在する複数の微粒子を包含する単一の

液滴が形成される。フォーカスビームの時に生

じる液滴の形状は真円なのに対し、デフォーカ

スビームでは微粒子の分散状況に依存したアメ

ーバ状の形状となる。さらに、液滴は、レーザ

スポットの位置の移動に応じて複雑に変形しな

がらレーザ光に追従する。それは、あたかも液

滴が自分の生存のために最適な光熱スポットを

狙って動いているように見える(Fig.2)。この現

象は、金ナノ粒子のプラズモン共鳴の発熱によ

るエタノールの蒸発による散逸を補う対流、お

よびに局所的な PEG 濃縮で生じる濃度マランゴ

ニ対流に加え、一体化した液滴が複数の微粒子

を跨いで自分の表面積を最小に保とうとする表

面張力の統合的な作用によるものと考えられる。 

4. まとめ 
液体の架橋・非架橋部を含むサンドイッチ密

閉構造を用いることで、レーザ光の照射によっ

て、微小液滴の発生・移動・消滅を制御するこ

とが可能であることを示した。生じる液滴は自

励的な運動や変形をすることから、この液滴は

アクティブソフトマターと考えて良い。人為的

に操作しているのはレーザスポットの照射・移

動のみであるにもかかわらず、液滴が自ら複雑

に形を変えるのは、制御対象（液滴）と環境（金

微粒子分布など）との物理相互作用によるもの

である。我々は、このような動作を利用して、

未知の環境に適応して駆動する身体性を有する

ロボットや、脳に依存しない自然知能への応用

を考えている。 

 

本研究は、文部科学省「光・量子飛躍フラッ

グシッププログラム」、「科研費学術変革研究

(A)」、及びに「物質・デバイス領域共同研究拠

点」の助成を受けている。 
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図 4. 液滴の自励回転 

ず図 6. デフオーカス光の移動により変形する
液滴の変形 

図 3. 液滴の発生と飛び出し 

図 5. 金ナノ粒子分散基板実験系 
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エネルギー散逸のあるドレスト光子の量子ウォークモデル 

A quantum walk model for dressed photons with  energy dissipation 

大津 元一 ((一社)ドレスト光子研究起点) 

Motoichi Ohtsu (Research Origin for Dressed Photon) 

1. はじめに 
ドレスト光子（DP）は光が照射されたナノ寸法

粒子（NP）や原子に光子、電子（励起子）との

相互作用にて生成される量子場であり、それは

さらにフォノンとも結合してドレスト光子フォ

ノン（DPP）を生成する。DP の実験研究は大き

な進歩を遂げた 1)。理論研究も次のように最近

著しく発展している。 
[1] DP の生成の理論：光・物質相互作用を記述

するオフシェル科学が展開された。そして NP
における局所的な光・物質相互作用の結果、

spacelike マヨラナ場からの転移により timelike
マヨラナ粒子と反粒子の対が生成し、その対消

滅により生成するボゾン場が DP であることが

示された。さらに DP の最大寸法が導出され、こ

の理論と宇宙論との繋がりが見出された 2,3) 
[2] DP のエネルギー移動：移動に際し、ランダム

ウォーク（RW）モデルで記述される時間的変化

よりもずっと高速に変化すること、NP の間を自

律的に移動することなどが実験により確認され

ている 1) 。これらは量子ウォーク（QW）モデル

が必要であることを示唆している。なぜなら QW
モデルは高速現象の記述が可能 4)であるのみで

なく、空間的局在性を有する量子場の記述に適

合し 5)、これまでの QW 理論研究の複数の帰結が

DP エネルギー移動の自律性などとの類似性を示

唆しているからである。さらにその時空発展方

程式は行列を使った非可換代数の形式をとり、

それは上記の相互作用の非可換性と整合するか

らである。本講演では QW モデルを使った数値

計算を展開し、実験と比較しつつ DP エネルギー

移動を記述する手法の試みを報告する。 
 
2. エネルギー散逸の導入 
ここではシリコン（Si）結晶を用いた発光素子の

例を取り上げる。すなわちその製作のために施

す DPP 援用アニールによって自律的に生成され

た B原子対によるDPPの生成/閉じ込めの現象を

解析する。これまでの QW モデルによる数値計

算により B 原子対が DPP 援用アニール用の照射

光の伝搬方向と垂直面内にあ場合、さらに B 原

子対の長さが Si 格子定数の 2-3 倍の場合、B 原子

対に生成し閉じこめられる DPP の確率が最大に

なることが導出され、実験結果とよく合致した
6)。 
 
これらの数値計算では Si 結晶の内部での事象

を扱っている。しかし可観測(observable)物理量

は製作された S 発光素子から出射する伝搬光の

エネルギー、偏光、伝搬方向などであることに

注意されたい。それらの評価を可能にするため、

Si 結晶内部で生成された DPP のエネルギー散逸

が解析できるQWモデルを構築する必要がある。 
 以下ではこの構築の事例として光子の運動量

に関する光子ブリーディング(PB)の現象を取り

上げる。なお、光子のエネルギーに関する PB は

すでに実験により確認されているが 7)、運動量に

関しては未だ確認されていない。そこで実験に

先立って QW モデルによる解析で確認する。 
 ここで光子の運動量に関する PB とは、Si 結晶

中の原子に生成した DP が最近接の原子に跳躍

する際、照射光の運動量と同方向に跳躍する確

率が高いことを意味する。しかしこれらの現象

を評価できるのは Si 結晶中の DPP のエネルギー

が散逸して Si 結晶外部に放射される伝搬光の特

性を通じてのみである。すなわち可観測物理量

としてのエネルギー散逸量を記述できる QW モ

デルが必要とされる。そのために２次元格子モ

デルを仮定すると、DPP の状態ベクトルは次の

ように表される 8)。 

[ ],( , ) ,( , )
T

t x y DP DP Phonon dis t x y
y y y yψ + −=

  (1) 

ここで第1-3成分はSi結晶中のDPPを表し DP+y 、

DP-y は互いに反対方向に跳躍する DP の存在確

率振幅、 Phonony はフォノンのそれを表す。第 4

成分はエネルギー散逸の結果 Si 結晶外部に放射

する成分を表し、それは 

, ,( , ), , , ,( , )
T

dis t x y DP dis DP dis Phonon t x y
y y y y+ −   ≡    

 (2) 

である。その第 1、第 2 成分 DP+,disy 、 DP-,disy の

発生源は各々式(1)の第 1 目、第 2 成分の DP+y 、

DP-y であり、各々入射光の進む方向と同じ方向、

逆方向に進む。また、フォノンは
Phonony によっ

て表されているが、これはサイト間を跳躍しな

いのでエネルギーの散逸は関与しない。 
 また式(1)が従う時空発展方程式の係数行列の

和はもはやユニタリ行列ではなく、その中に現
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象論的な散逸定数κ を含む。なお0 1κ≤ ≤ であ

る。 
 

3. 結果と考察 

図 1 は
2

DP+,disy 、
2

DP-,disy の値を計算した結果で

ある。これは B 原子対に発生した DP+y 、 DP-y に

起因する散逸エネルギーを B 原子対中の各サイ

トの関数として記したものである。すべてのサ

イトにおいて
2 2
>DP+,dis DP-,disy y であることから、

入射光の運動量と同じ方向に散逸して Si 結晶外

部に放射された光量が多いこと、すなわち運動

量に関する光子ブリーディングを示している。 

 
 

図 1 エネルギー散逸量の B 原子対サイト依存性 
 
 図 2 は散逸エネルギーの B 原子対内の全サイ

トの総和を散逸係数κ の関数として示している。

この図でも
2 2
>DP+,dis DP-,disy y であることから、

運動量に関する光子ブリーディングが再確認さ

れる。この図ではさらにκ =0.2 において散逸エ

ネルギーが最大となっている。これは Si 結晶外

部に取り出すエネルギーを最大にするための最

適な散逸係数があることを示している。 

 
図 2 散逸係数κ とエネルギー散逸量との関数 

 
 最後に図 3(a)、(b)は散逸係数κ と Si 結晶内部

の DPP の全エネルギー、外部に散逸した全エネ

ルギーとの関係を示す。両図中の値は各々散逸

係数κ の増加とともに単調減少、単調増加して

おり、その和は係数κ に依存せず一定である。

すなわち Si 結晶内部と外部とを合わせた全空間

ではエネルギーが保存していることを示してい

る。 

 
図 3 散逸係数κ と Si 結晶内外（(a)、(b)）のエ

ネルギー量との関係 
 
4. まとめと展望 
本研究では可観測物理量を扱うため QW モデル

にエネルギー散逸の概念を導入した。その結果、

光子の運動量に関する光子ブリーディングを確

認することができた。さらに 
(1) 散逸定数κ =0.2 の時に外部へのエネルギー

量放出量は最大となった。 
(2) Si 結晶中外の全空間でのエネルギー保存則

は保証された。 
(1)、(2)により微視系、巨視系（各々Si 結晶内部、

外部）の特性を相互矛盾なく説明された。 
 今後は可観測(observable)物理量、エネルギー

散逸とオフシェル科学のける量子測定論 9)との

連携を探ることが重要となる。 
 
謝辞 
 QW モデルの概念に関しご教示頂いた瀬川悦

生氏（横浜国大）、齋藤正顕氏（工学院大学）、

三宮俊氏（リコー）に、多くの数値計算を実施

された結城謙太氏（Middenii）に感謝致します。 
 
参考文献 
1) M. Ohtsu: Dressed Photon (Springer, Heidelberg, 

2014) pp.1-246. 
2) H. Sakuma and I. Ojima: Symmetry. 13 (2021) 

593. 
3) H. Sakuma, et al.: J. Euro. Opt. Soc. 17 (221) 28. 
4) N. Konno: Quantum Walk, Chapter 8, Quantum 

Potential Theory, ed. by U. Franz and M. 
Schumann (Springer, Heidelberg, 2008). p.309. 

5) H. Saigo: Quantum Probability for Dressed 
Photons, Chapter 3, Progress in Nanophotonics 5, 
ed. by T. Yatsui (Springer, Heidelberg, 2018) 
p.79. 

6) 大津元一 他、第 70 回応用物理学会春季講

演会（2023 年 3 月）、16a-A201-4. 
7) M. Ohtsu: Silicon Light-Emitting Diodes and 

Lasers (Springer, Heidelberg, 2016) pp.8-11. 
8) 大津元一 他、第 84 回応用物理学会秋季講

演会（2023 年 9 月）、162p-A310-7. 
9) K. Okamura, “Towards a Measurement Theory 

for Off-Shell Quantum Fields,” Symmetry 13 
(2021) 1183. 

 

S03-18p-VIII-05 一般社団法人レーザー学会学術講演会第44回年次大会

© The Laser Society of Japan - S03-18p-VIII-05 -



シンポジウム 

量子ウォークのエネルギー遷移問題の数理 

Mathematics of energy transfer problem of quantum walks 

瀬川 悦生 1 (横浜国立大学) 

Etsuo Segawa 1 (Yokohama National Univ.) 

1. はじめに 
 栓が抜けた水槽に蛇口から水を入れ続け, 水面

が一定になっていることを想像してみる. 水槽

内の水量は一定なので, 定常的な状態になって

いる. これは, 蛇口から入ってきた水(流入)と, 栓
から出ていく(流出)が釣り合うことによって起

こる. これと似たようなことが量子コンピュー

タの中で, 量子探索アルゴリズム 1)やハミルトニ

アンの高速シミュレータ 2)として駆動すること

が期待されている量子ウォークでも起こせる.  
 量子ウォークの時間発展作用素は系全体では

ユニタリ作用素で与えられるため, 固有値が複

素平面内の単位円周上に分布している. そのた

め, 時間発展を行うと, 固有値はその単位円周上

を周ることになり, 力学系としての固定点への

収束は期待できない. 一方で, その対応モデルで

あるエルゴードで非周期的なランダムウォーク

においては, 固有値が(-1,1]に分布し, 時刻無限大

で 1 以外の固有値が 0 に指数関数的に縮退する

ため, 固有値 1の固有ベクトルへ定常状態として

収束する. このような性質があるため, 電気回路

との繋がりやカットオフ現象など, 豊かな性質

について論じることができる.  
 そこで, 冒頭で述べた例の類推で, 有限で連結

なグラフを水槽に見立て, 頂点から境界にあた

るもの任意に選び, それを蛇口と栓に見立てて, 
量子ウォークの流出入が行われるように設定す

る. すると, この量子ウォークモデルは定常状態

に収束することが証明された 1). 実は, この量子

ウォークモデルの定常状態の中に, ドレスト光

子のエネルギー遷移の挙動と幾つかの類似性を

見出すことができる. 特に, 最大出力を得るため

に必要な空間構造を導出するような計算量を要

する問題には, ドレスト光子ダイナミクスの素

子化モデルとして, 量子ウォークが着目されつ

つある 3).  
 本研究では, この量子ウォークモデルの中で最

も基本的な Grover walk と呼ばれるもので考察

し, その不思議な定常状態の性質について議論

する.  
 
2. 拡張型ラプラシアン 
  有限で連結なグラフを G = (V, E ) とし, その隣

接行列をM, 次数行列をDとすると, L=M-Dはラ

プラシアン, Q=M+D は符号付ラプラシアンと呼

ばれており, 多くの研究が行われている. 量子ウ

ォークの流出入が行われる頂点の集合をδV と

し, そこから振幅α, 振動数θで毎時刻流入が行

われているとする. このときの量子ウォークの

定常状態を記述する上で重要な作用素が次に定

義する拡張型ラプラシアンである.  
 
定義 (拡張型ラプラシアン) 

L(θ) = M – cosθD+ i sin θ Π. 
ここで, Πは境界δV に対応するところは 1 それ

以外が 0 の対角行列である.  
 
特に, θ=0 のときはラプラシアン, θ=πのとき

は, 符号付ラプラシアンになっており, 両者がパ

ラメータ(振動数)θによって連続的に接続され

ている.  
 

3. 主結果 

定常状態をφ∞ とすると, 次のような量子ウォ

ーク版の回路方程式が得られる.  

 

定理 1 (量子ウォークの回路方程式) 

i sinθφ∞ = ∂θν;  

L(θ)ν = i sin θ α’. 

ここで, 任意の頂点 V上の関数 f に対して,  

(∂θ f)(a)= f(t(a))-exp(iθ)f(o(a)).  

 

最初の式は, キルヒホッフの電圧則, 最後の式

は, キルヒホッフの電流測に対応している.  

 

定常状態における流出量を|δV|次元のベクト

ル値βで表すと, 流入値αとの間に関係性があ

る. この関係性は定常性と時間発展のユニタリ

性から, 流入量に依存しない, ある|δV|次元の

ユニタリ行列で記述できる. これを S とおくと

β=Sαとなり, Sは次のように表される.  
 
定理 2 (散乱行列) 

S=χδ (  2isinθL-1(θ) – I )χδ
*. 

ここでχδはVから境界δVへの制限を表現する 
|δV|×|V|の長方行列.   
 
内部では定常状態でどのくらい量子ウォークが

存在するかを測る指標として, 
E = 1/2  || φ∞ ||2G 

で定義する快適度を考える 4). これは冒頭の例で

いうところの水槽にたまっている水量に相当す

る. すると次のように拡張型ラプラシアンによ

るシンプルな表示が与えられる.  
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定理 3 (快適度) 

E=  < L-1(θ)α, (D-cosθM) L-1(θ)α>. 
 

4. 除去可能特異点 

定理 2, 3 の左辺の表現に拡張型ラプラシアン

の逆行列が表れている. θの値によっては, 特

異点になるように見える. 例えば, θ=0 のとき

は, ラプラシアンそのものになり, ラプラシア

ンは all 1 ベクトルは固有値 0 の固有ベクトル

になるから, 逆行列を持たない. しかしながら, 

実はそれらが除去可能特異点となっていること

が加藤の摂動論を用いて示せる.  例えば, θ=0

のときはまさに電気回路の方程式が現れる.  

しかしながら, この特殊な振動数は除去可能

とはいえ, 量子ウォークとしては特別な挙動を

見せることを, グラフとして完全グラフにおけ

る快適度を例にして, 紹介する. 冒頭にあげた, 

水槽の例で, たくさんの栓がついているほど, 

それだけ出口が多いのだから, 水は溜まりにく

い. この直感は入力振動数θが 0 のときにはマ

ッチする. つまり, E(θ, ℓ)を頂点数 N の完全

グラフにおいて, 入力振動数θ, 出口の個数 ℓ

における快適度とすると,  
 

E(0, N)> E(0, N-1)>…>E(0,1) 
 
である. ところがある特殊な振動数で入力をす

ると非直感的な現象が次のように起こる. θ=θ

＊のとき (但し cos θ＊=-1/(N-1) )  
 
E(θ＊, N-1)> E(θ＊, ℓ-2)>…> E(θ＊, 1)> E(θ＊, N) 
 
となる. つまり, 沢山の出口があるにもかかわ

らず, 中に量子ウォークが溜まりやすくなって

いくだけでなく, さらに(調子に乗って)全ての

頂点を出口にすると, 快適度は最下位に陥落す

るという, 追い打ちをかける非直感的現象が起

こっている.  

この振動数θ＊は完全反射を起こし, 特殊な挙

動を示す. 実は cos θ＊は完全グラフ上のランダ

ムウォークの固有値に一致している. しかも実

は, このθは L(θ)を不可逆にするので, まさに

除去可能特異点になっている. そして, ほとん

どの境界の個数において,  頂点が十分に大きい

と, 振動数θを動かして, 快適度を計算すると, 

θ=θ＊で快適度が最大になる.   

このような振動数は, より一般のグラフにお

いて, θ が 0 とπ以外のとき, ランダムウォー

クの確率遷移行列の, 境界δVにオーバーラップ

がない左固有ベクトルが起因している. 実際, 

完全グラフの場合は, そのような固有ベクトル

が境界の個数 ℓ に依存して複数とることができ

ることが容易にわかる.  

 
5  今後の展望 

Grover walkにおいては, 拡張型ラプラシアン行

列を導入することによって,  問題を簡略化する

ことができた. 特に逆行列による表現が出てく

るので, ランダムウォークの hitting timeや訪

問回数に類似した表現方法に焼き直すことによ

り,  一見すると不思議に思えるこの現象の説明

をより身近に感じられる解釈によって説明がな

されることが期待される. また Grover walk は

グラフの隣接関係のみに依存するもっともシン

プルな量子ウォークモデルの 1 つであるがゆえ

に,ドレスト光子を記述するには挙動の類似性

があるとはいえ, 物足りない. 現在その最有力

候補として参考文献 3)で提案されているモデル

が挙げられ, 数値計算と並行して, その解析的

な考察が進められている.  
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欠陥構造が引き起こすドレスト光子の超放射過程 

Superradiance process of dressed photons induced by spatial defect structures 

○三宮 俊 (株式会社リコー) 

Suguru Sangu (Ricoh Company, Ltd.) 

1. 

1. はじめに 

 ドレスト光子の局在・散逸と物質系に含まれ
る欠陥の空間配置には密接な関係がある．その
一例として，間接遷移型半導体であるシリコン
の発光デバイスが知られている 1）．本デバイス
の作製過程では光を照射しながらドーパント
(ボロン)をアニールすることで，ドーパントの対
構造が自律的に形成され，本デバイスの発光過
程ではこのドーパント対を介することで禁止さ
れている状態間の発光が得られる。ここで欠陥
位置におけるドレスト光子の局在とフォノン場
を巻き込んだ相互作用がドーパント対形成や発
光を引き起こすものと解釈されている． 

 我々は上述のようなドレスト光子介在の物理
現象を数値シミュレーションにより紐解き，説
明することを目指している．構築中のシミュレ
ーションでは，ドレスト光子を自由光子，物質
励起，フォノンの全ての寄与を含んだ準粒子二
準位系)と見なし，その静的および動的振る舞い
を解析する。つまり，上述のフォノンの効果を
切り分けて議論することはせずに，強い局在性
を有する基底状態や空間的に広がった分布を有
する基底状態といった，基底状態の保有する性
質にその機能を負わせている． 

 最近では，物質系内にドレスト光子が複数個
含まれる状態に注目し，上述の欠陥構造の自律
形成および発光現象を説明できる予備的知見を
得ている 2)．数値シミュレーションにより，複
数欠陥の配置に依存して，輻射遷移に関わる主
要な基底状態が変化し，緩和寿命が変化するこ
とで，ドレスト光子エネルギーを物質系外に効
率的に放出したり，内部に留めたりする機能が
制御される可能性を確認している．なお，二準
位系の集団内の励起個数に分類し，線形和とし
て基底状態を表現した状態はディッケ状態と呼
ばれ，高速な発光である超放射現象を引き起こ
すことが知られている 3)． 

 本論文では，上述したドレスト光子を複数含
む基底状態およびドレスト光子の個数に変化を
もたらす遷移に改めて着目し、欠陥構造の自律
形成や発光現象への関与する様子を数値シミュ
レーヨンにより浮き彫りにするとともに，ディ
ッケの超放射現象との類似性に着目してその物
理的解釈を与えることを検討する。 

 

2. ドレスト光子シミュレーションの概略 

 本数値シミュレーションは，物質系のサイト
に束縛されたドレスト光子(調和振動子)を基本
要素とし，このサイトを空間的に自由に配置し
た系を，量子密度行列を用いて記述する．量子

密度行列のダイナミクスは Lindblad 方程式と呼
ばれる散逸を近似的に導入した時間発展方程式
で記述する 4)．数式の詳細な記述は省略し，量
子密度行列の運動方程式の構成要素について図
1 に説明する．系内のドレスト光子の移動は，①
に示すように，任意のサイト間の相互作用強さ
により与える．相互作用強さはドレスト光子が
質量をもつ準粒子と見なせることから相互作用
距離が有限となる湯川関数で与える．ドレスト
光子の入力は，②に示すように，生成、消滅演
算子の和，すなわち電気双極子励起を模倣した
形で与え、系内の全サイトをコヒーレントに励
起する．エネルギー散逸はサイト端部からの非
輻射緩和(③)と自由光子としての輻射緩和(④)

を考慮する．ここで，輻射緩和は全サイトの和
の形で与えており、これは反対称な空間分布を
もつ励起状態からの輻射が禁制される状況を含
んでいる．数値シミュレーションは系内にドレ
スト光子を含まない状態から開始し，連続的に
入力を与えた状態で非平衡定常状態に達するま
で計算を継続する． 

 

3. 欠陥の空間配置による影響の考察 

 本節では代表的な計算結果について説明する。
図 2 は不純物サイトを含む 1 次元物質系(6 サイ
ト)に対し本数値シミュレーションを実施した
結果であり，量子密度行列の対角成分，すなわ
ちドレスト光子基底状態の占有確率をグラフ化
している．ここでいうドレスト光子基底状態と
は，6 サイトに対してドレスト光子が 0 個から 6

個配置できるすべての組み合わせの要素を意味

① 格子点間のエネルギー移動

j i

(湯川関数)
同種 異種：V0の違い

空間配置：ノード間距離

DP(photon, matter 
excitation, phonon, …)

j'

② ドレスト光子の生成／消滅

i

Non-
radiative 
reservoir

③ ドレスト光子の散逸

i

Radiative 
reservoir

(free-photon)
④ 自由光子場への散逸

ji

 

図 1 運動方程式の構成要素 
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している．左から茶色，紫色，青色，緑色の表
示はドレスト光子 1 個から 4 個を含む基底状態
をグルーピングしたものである．図 2(a)は 1 個
の不純物サイトを含む場合であり、図 2(b)は 2

個の不純物サイトが 1 サイト間隔を空けて配置
された場合の結果である。不純物サイトが所定
位置に配された場合に，ドレスト光子 1, 2 個の
基底状態の占有確率が低下し，ドレスト光子 3

個の基底状態の占有確率が増加する様子が確認
できる．この結果は，6 サイトにドレスト光子を
配置できる組み合わせの数がドレスト光子 3 個
の場合が最も多くなり、基底状態の数が最大と
なるためと考えられる．また，本結果では顕わ
に表現できていないが，ドレスト光子の占有確
率が高くなると，光子密度が上がるために誘導
放出が促され，自由光子の放出が活性化し，発
光を促すとともに，系を冷却し，不純物の自律
的な位置決めにつながると推察している．誘導
放出に関しては，対象となる基底状態の寿命が
その効率を決めるパラメータとなることから，
外部へ光子を放出しやすいモードの抽出(基底
状態の変換)が必要であり，その方法については
現在検討中である．その要点についてのみ，次
節に取り上げる． 

 

 

4. 基底変換方法の提案 

 ドレスト光子の個数ごとに主要な基底状態を
抽出する方法について検討している．一つの方
法として、非平衡定常状態に達した密度行列の
ドレスト光子の個数に依存した部分行列を対角
化する方法を提案する．図 3 はその概略を説明
する図である。図 3 の上図はサイトで分解した
基底状態による量子密度行列である．この量子
密度行列を図中の枠線で表わすドレスト光子の
個数ごとに分けた部分行列を対角化するように
全体の変換行列を定義する．図 3 下図は変換後
の量子密度行列の算出結果の一例である．変換
後に得られた基底状態について緩和時間や主要

な遷移先基底状態を調べることで，本稿冒頭で
述べた自律的構造形成や発光現象の許容化に関
わる物理的解釈が進むものと考えており、現在
可視化等の手段を模索中である．この基底変換
はサイトの励起状態の集合からなる基底状態の
線形和により異なる基底状態を定義するプロセ
スであり，冒頭で述べた超放射現象を説明する
ディッケ状態に類推する基底状態を抽出してい
る．したがって，一部の基底状態においてディ
ッケ状態と同様の散逸の加速が生じることが期
待される． 

 

5. まとめ 

 光子，物質励起，フォノンを個々に識別する
ことなく「ドレスト光子」と見なし、そのダイ
ナミクスを，量子密度行列を用いて数値シミュ
レーションする方法を構築中である。系内のド
レスト光子の個数に依存した特徴的な振る舞い
が現れることを見出し，その状況が超放射現象
に類推するものであることを指摘した．その解
読方法については現在模索中であり，講演時に
その進捗状況についても紹介したい． 
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(a) 不純物を 1個含む系 

 

(b) 不純物を 2個含む系 

図 2 一次元系モデルにおけるドレスト光
子占有確率の計算結果 
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図 3 ドレスト光子の個数に依存した基底変換
の方法 
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[VII] AWARDS AND CONFERMENTS 

 
 

 

 

 

 

 

 

 

 

  

 



 
 
 
 
 
 

     

（左）賞状（盾）、（右）副賞（トロフィ） 
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