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VIDEO LECTURES

[1] (In English) M. Ohtsu, “Energy Transfer of Dressed Photon by a Quantum Walk Model,”
(December, 2022).
Part 1  https://www.youtube.com/watch?v=gK900FOh67E
Part2  https://www.youtube.com/watch?v=bNSi6GQdzAY

[2] (In English) M. Ohtsu, “Dressed Photon by Off-shell Science,” (August, 2022).
https://www.youtube.com/watch?v=4FUsug8-WXw
(In Japanese) K#Et—, [ FLA MEF 47 v = VF 7

£ ®1 https://www.youtube.com/watch?v=qE2qrAwZWs0
£ ?D2 https://www.youtube.com/watch?v=ZcBguqpoOC0
Z?3 httpsi//www.youtube.com/watch?v=VkzKZzho63E
M4 https://www.youtube.com/watch?v=IrjuRGXSf4U
Z?®5 httpsi//www.youtube.com/watch?v=UZPdNDX1cLE
D6 https://www.youtube.com/watch?v=51kP57Xje9¢
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1. Introduction

Two key issues are addressed in this paper: first, we shed new light on the peculiarity
of the gravitational field, which has, in addition to its well-documented geometrical
nature, an unexpected thermodynamic nature;' * second, we clarify the main cause
of the inherent defect in the present form of quantum field theory (QFT), exemplified
by Haag’s no-go theorem® in axiomatic QFT. As we show below, these two seemingly
disparate concepts are inextricably linked by the important dynamical role of the
spinor field (or the vortical field in the case of classical mechanics), which connects a
given physical system to the surrounding space-time as its dynamical environment.

Many issues in nonrelativistic physics require the use of an abstract space to
characterize the time-dependent dynamic behaviors of a given physical system, such
as the Hilbert space $ in quantum mechanics and phase space in classical Hamil-
tonian (H) systems. In general, these spaces are not related to the physics of a given
system. The fact that this condition changes drastically in relativistic field theory is
well-known and has become common knowledge in physics, while the well-known
wave—particle duality in quantum mechanics remains a mystery. However, once it is
accepted that space-time is a physical entity in which “spacelike” corresponds to
wavelike entities, such as the spacelike momentum field required for quantum field
interactions (Greenberg-Robinson (GR) theorem®"), while “timelike” corresponds
to localized particle-like entities, then the wave—particle duality of quantum entities
appears to be a natural consequence of the fact that quantum entities always coexist
with embedded space—time; in other words, quantum entities are dynamically inte-
grated with space—time as their environment.

Dirac’s finding has played an important role in considering the physicality of
space—time, revealing that quantum spin is a feature of relativistic space—time. Since
then, the idea that space—time is composed of specific types of spin networks has been
investigated, most notably by Penrose® and the many researchers that developed
loop quantum gravity (LQG) theory. Therefore, an essential question associated
with the space—time conundrum is how the thermodynamic properties of space-time
fit with this spin network concept. The peculiarity of the space—time problem in
relativistic scenarios lies in the fact that space—time not only has a mathematical
meaning, which can be used to represent a given physical system, but is also a
physical field that must be represented by itself. To explain this reciprocal nature
which can be regarded as the interdependent duality (ID) existing between a
given physical system and its associated space—time, we must identify the emergent
processes of this “physical” space—time.

As an informative example of the ID mentioned above, we briefly refer to
micro—macro duality (MMD) theory,” which, as briefly explained in a recent review
paper!0
classical correspondence”; this theory was rigorously derived based on the pertinent
generalization of the superselection rule, with the sectors originally formulated by
Doplicher—Haag—Roberts.'»'2 Any efforts to explore unseen microscopic quantum

on nanophotonics, can be regarded as a modern version of “quantum-
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worlds require experiments that investigate the dynamical interactions between micro-
quantum and macro-classical worlds. This simple fact clearly shows that our descrip-
tions of unseen microscopic worlds depend heavily on the “vocabulary” we use in
classical physics. Therefore, in the metaphorical sense, classical physics operates not as a
static “space” onto which the microscopic world is projected, but rather as an inter-
acting dynamic “space-time” which we use to describe the targeted microscopic world.

This viewpoint is supported as a key element of MMD theory. Among the many
noteworthy accomplishments of MMD theory, the following two theoretical results
are particularly relevant to the discussion in this paper. First, due to its infinite
degrees of freedom, QFT inevitably involves a combination of quantum and classical
fields, with the latter emerging due to the existence of disjoint (refined notion of
unitary nonequivalent) generalized sectors with nontrivial factor representations
acting as order parameters of the emerging classical field. The irrelevance of
Schrodinger’s cat thought experiment can be easily clarified'” by the basic results
of MMD theory. Second, with the exception of the different algebraic structures of
certain physical quantities in their respective fields, i.e. anti-commutativity versus
commutativity, we can consider both fields in a unified framework.

The main discussions begin in Sec. 2 with classical physics; however, we show that
even in classical fluid dynamics systems, there exists an intriguing ID structure that
eventually clarifies the discussed space-time peculiarity. In Secs. 2 and 3, by
reviewing the basic structures of barotropic and baroclinic fluids, as well as their
generalized Hamiltonian (H) structures, we identify a key conserved dynamical
quantity that generates the above-mentioned ID structure. The reason we focus on
this conserved quantity is because we found that recent works by Aoki et al.,'?!*
particularly on the conservation of entropy in general relativity, are quite informa-
tive in the present research. Then, in Sec. 4, we show how the main aims of our paper,
as stated in the first paragraph of this introductory section, are achieved based on the
results of the previous section. In the final section, we present our conclusions and
some novel perspectives on QFT and cosmology.

2. Dynamics of Barotropic and Baroclinic Fluids and H Structures

We begin with the well-known equation of motion of a perfect fluid in nonrelativistic
fluid mechanics:

1
Dy, := 0, +0v"0,v, = — ;8#19, (1)

where the notations are conventional. A fluid is classified as barotropic or baroclinic
based on its form of 9,p/p; that is, if p = p(p) or p = py = const, the fluid is baro-
tropic; otherwise, the fluid is baroclinic. In other words, the barotropic or baroclinic
nature of the fluid is characterized by whether 9,p/p is a conservative force field,
which has a decisive influence on whether the associated vorticity field is conserva-
tive. Thus, we refer to the Lagrange’s vorter theorem for barotropic flows, which
shows that vortices are free of generation and extinction.
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Since we are primarily interested in vorticity and entropy fields, it is useful to
rewrite the baroclinic form of Eq. (1) in terms of the vorticity ¢, and specific (i.e. per
unit mass) entropy s fields by using the first law of thermodynamics (Eq. (2)) and the
vector identity given in Eq. (3):

—dp/p =Tds — dw, with 9;s 4+ v"9,s =0, (2)
0, = v"(9,v, — 0,v,) + 0,(v"v,/2), (3)

where T" and w are the absolute temperature and specific enthalpy, respectively.
From Egs. (2) and (3), Eq. (1) becomes

O, + 0, (w+v"v,/2) — (0" =T0,s. (4)

The most well-known example of a baroclinic fluid is the atmosphere, for which
the ideal gas law can be applied with a high degree of accuracy. The atmosphere is
particularly important in our discussion because it provides a useful fluid dynamic
system with a nonuniform entropy distribution in both the vertical and meridional
directions; furthermore, energetic vortical fields known as baroclinic eddies play
important dynamical roles in heat transport along the meridional direction. In the
dynamics of this heat transport, there is a strong correlation between the vorticity ¢
and entropy gradient Vs fields, which can be described by Ertel’s potential vorticity
Q,'° which is defined as

Q= %(C Vs), 0.Q+0,Q =0, (5)

The above is the most important conserved quantity in the field of geophysical fluid
dynamics.

It should be noted that the importance of baroclinicity in the atmosphere varies
with scale. In general, in typical laboratory experiments using air, such as wind
tunnel studies, air flows behave as barotropic flows since the entropy gradient is
negligible; however, for air flows with horizontal scales greater than several 100 or a
few 1000 km, baroclinicity becomes a nonnegligible dynamical factor. In Sec. 1, we
discussed MMD theory, which indicates that the actual world in which we live
consists of an ID structure that bridges quantum and classical physics, rather than
the prevailing view that the laws of classical physics are not fundamental but are
approximated from “genuine fundamental” quantum mechanics. We believe that the
scale dependency of baroclinicity, represented by () in the comparison of barotropic
and baroclinic flows, is analogous to that of the Planck constant A in the comparison
of quantum and classical physics in MMD theory. To show that this resemblance is
not superficial but rather has essential implications for the main issue in this paper,
we investigated the generalized H structure of baroclinic flows.

The generalized H structure was derived from the so-called noncanonical form of
the H formulation, with the seminal work initiated by Arnol’d'® and further de-
veloped by a group of applied mathematicians and physicists.!” ¥ For a baroclinic
perfect fluid dynamics system with Eulerian representation, the generalized H,
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denoted by H, has the form?°
Hy=E+Cp, E:= /(pv”v,,/2 + pe(p,s))dV, Cp:= /(pF(s,Q)}dV, (6)

where F and CF are the total energy with e(p, s) being the internal energy density, a
Casimir constructed by an arbitrary function F' of s and Q. Since the given fluid
dynamical system can be described by five independent variables, namely, v#(1 <
1 < 3) and two thermodynamical variables, we choose p and s as the thermodynamic
variables because () is expressed in terms of these two variables. First, when we
compare the conservative quantity C'r with the total energy E, we can observe that
it is not merely an additional constant of motion. This occurs because both E and Cr
are “complete” in the sense that they include all five variables. In other words, they
are equal pairs of “complete” constants of motion.

The significant advantage of Hy over E becomes clear when we consider the
stability of a given steady state of the fluid because any given steady state of the
baroclinic flow can be represented by the condition that the first variation in Hg
vanishes; that is,

O0Hg = 0E+ 6Cp =0, (7)
which can be rewritten as the combination of the steady-state version of Eq. (4) and
oF
F-Q—+8B =0.
Q55+ Bs.Q) =0 5)

Equation (8) shows that an arbitrary function F' can be determined by Bernoulli’s
function B(s, @), which characterizes the given steady state. Then, we can demon-
strate the formal stability of the state?! (the stability of a given steady state for
infinitesimally small amplitude perturbations with arbitrary forms) if the second
variation in H is sign definite. In our discussion of the ID structure, a particularly
important aspect of Eq. (7) is that the balance between §F and 6Cr can be regarded
as a unique “interaction” between two dynamics with and without explicit forms of
Q. It is clear that the phase-space trajectory of a linearly unstable mode, such as
those represented by one of the separatrices of H;, i.e. $>H = 0, cannot be described
without Cp. Thus, we believe that perturbation methods with only the Hamiltonian
as the total energy are not generally adaptable since, as our present discussion shows,
these methods cannot cover the dynamic behaviors of certain unstable modes. We
also believe that the root cause of Haag’s no-go theorem in axiomatic QFT, as
discussed in Sec. 1, can be attributed to such an inability inherent in the conventional
Hamiltonian approaches. To further show the decisive role of @) in ID structures, we
next examine the relativistic expression of Q.

3. Converted Form of the Relativistic Equation of Motion

First, we fix the sign convention as (+,—,—, —) and introduce a nondimensional
four-velocity vector u# that satisfies the normalization condition u”u, = 1. In Secs. 3
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and 4, for simplicity, unless otherwise stated, we develop our arguments within the
framework of special relativity. The following basic arguments on the relativistic
equations from Egs. (9)—(15) are given by Landau and Lifshitz?? (pp. 506-508).
Regarding the first law of thermodynamics, we have

() o). g

n n n

where n denotes the “particle number” corresponding to the density p in the non-
relativistic case, and o/n and w/n are the specific entropy and enthalpy, respectively,
as in Eq. (2). The relativistic equation of continuity is given by

0,(nu”) =0, (10)
and the energy—momentum tensor for a perfect fluid has the following form:
™ = wuru’ — pg". (11)
The tensor divergence of Eq. (11) gives the following equations of motions:

0,1, = u,0,(wu") +wu”0d,u, — 9d,p = 0. (12)

The projection of Eq. (12) in the direction u* can be calculated by u#0, T, = 0; with
Eq. (9), this becomes

u’d,(c/n) =0, (13)

which corresponds to the second equation in Eq. (2). Next, we calculate the com-
ponent of 9, T,/ = 0 perpendicular to u" as

0,1, —u,u’0,T,; =0, (14)
which yields
wu"dyu,, — 0,p + u,u’d,p = 0. (15)

This equation corresponds to the nonrelativistic form of pD,v, = 0 in Eq. (1).

As we have noted with Eq. (4) in Sec. 2, in terms of the vorticity and the entropy
field, the form of Eq. (4) is preferable to the form of Eq. (1). The derivation of the
relativistic form of Eq. (4) was given by Lichnerowicz*® (p. 30) and it has the fol-
lowing form:

wpu’ =T0,(0/n), w, =0,(w/n)u,]—0,[(w/n)u,]. (16)
For the sake of readers’ convenience, in Appendix A, we give the details of this
derivation. Note that Eq. (13) is included in Eq. (16), as shown by 0 = ufw,,u” =
Tutd,,(o/n). We can also observe that Eq. (16) remains valid for curved space-time
if we replace 0, with a covariant derivative, denoted as V.
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4. Ertel’s Charge as the Source of an Entropic Vortex Field

To appreciate the importance of Eq. (16), we use an explicit (writing down all the
elements) matrix representation of Eq. (17) below to derive the conserved Ertel’s
current.

0 wo1 wo2 W3
—Wo1 0 W12 —Ws1
Wy = 0 . (17)
—We2  —Wi2 Wa3
—Wpy Wy —Wg 0

First, after defining the pseudoscalar  in Eq. (18), we introduce *w*, which is
the Hodge dual of w,,, i.e.

Q1= wprwag + Weawsy + wozwia, (18)
0 —Wo3  —W3p W2
w 0 —Wwy: )
* oW — 23 03 02 (19)
w3 Wo3 0 —Wwo1
Wiz  —Wo2 Wo1 0

From Egs. (17) and (19), we obtain

Ww,, = Qgy,  fww,, = 4. (20)
According to Eq. (16), we have
("W wg )u” = Qgyu” = T("w')0.(0/n); (21)
thus, we can obtain
Qrut = *wh 9, (o/n), where Qp :=Q/T. (22)

By substituting Eq. (19) into Eq. (22) and with a series of manipulations based on
the skew symmetry of w,,,, we can finally derive that

u’ —01[wyz(0/n)] = Oy[ws (0/n)] — Ozlwiz(0/n)]
0 ut _ Io[waz(o/n)] — Oy[woz(o/n)] + Oslwpz(a/n)] (23)
o w lwsi(o/n)] + O1[woz(o/n)] — Oslwpr (/1))
u? dplwia(a/n)] — 01 [wa(o/n)] = Oawor (o/n)]
Based on this expression, we can observe that
ay(QTuy) =0. (24)
In addition, using Eq. (16) again, we have
— i’ = Tlwy30, (0/n) + w31 0y(0/n) +wiad3(a/n)]; (25)
thus, we obtain
Qp = Qg = —[wy301(0/n) + w3105(a/n) + w203 (0/n)]/u’, (26)
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which is the relativistic expression of Ertel’s potential vorticity @ given in Eq. (5).
Following the convention of theoretical physics, we refer to 21 as Ertel’s charge. The
conservation property of Eq. (24) can be extended to curved space—time by substi-
tuting 0, in Eq. (23) with the covariant derivative V, and using the tensor identity

(vuvu - vyvu)wh‘)\ = _RZ/JI/O‘)O')\ - Riuuwma (27)

to calculate the vector divergence on the right-hand side of Eq. (23), where Rj.s
denotes the Riemann curvature tensor.

Remark 1 A relativistic extension of Ertel’s potential vorticity was first done by
Katz?* based on the converted form of a relativistic equation of motion derived by
Lichnerowicz referred to at the end of Sec. 3. In his derivation, as in the case of ours,
Katz first introduces *w"” (Hodge dual of w,,, defined in Eq. (19)). Then, using it, he
defines a “vorticity four-vector” &# of the form

Wk = *wy,. (28)

The conservation law he shows turns out to be
0,(Qgu’) =0, Qp:=ovd,(c/n), (29)

where we have simplified his derivation by confining ourself solely to the case of
special relativity. Using Eq. (10), the above equation can be rewritten as

u’0,[Qg/n] = 0. (30)

Based on this advective expression, Katz simply points out that the nonrelativistic
limit of Q/n is @ given in Eq. (5). Note, however, that Qx in Eq. (29) is defined as
the inner-product of four vectors w» and 9, (o /n), while the numerator of @ in Eq. (5)
is expressed as the inner-product of nonrelativistic three vectors of ¢ and Vs. In this
respect, we do not think that Katz’s statement on the nonrelativistic limit is trivial
and therefore needs further explanation. In order to prove his statement as well as
the equivalence of Katz’s and our derivations, we first show that, by direct
calculations using Egs. (16), (19), (26) and (28), we have

Qi = Qr(=Qq). 31)

Thus, by comparing Q;/n in the advection equation u”0,[Q;p/n] =0 and Q in
Eq. (5), we readily see that Q gives the nonrelativistic limit of Qx/n = Qp/n.

The advantage of the newly derived expression {2 over {2y is that the conserved
current ru* can be shown to be an entropy current tied closely to “space—time
dynamics” now we are considering in this paper. According to the second equation in
Eq. (16), the physical dimension of Q in Eq. (18), denoted by dim[{}], becomes
dim[Q] = 72 dim[(w/n)?], where | denotes the length scale. Since n and w are the
particle number and the energy per unit volume, respectively, if we use a natural unit
system, then we have dim[n] =17 and dim[w?] =[78. Thus, it turns out that
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dim[Q] = 7!/I3, indicating that dim[Q] = dim[T"] in Eq. (11) and hence, from
Eq. (9), the physical dimension of Qo is the entropy per unit volume.

A particularly intriguing property of w,,, is that “Dirac’s v matrix” 4#* can be
constructed from Eq. (20). In fact, if we define 44 such that 4% := (*w'?)w,,, then,
according to Eq. (20), we get 45 = Qg’. By raising the suffix v, we have that
A = Qg thus, we find that

1 2 2 nz
g G+ = 2, (32)

which is the well-known anti-commutation relation. To further examine the impli-
cations of Eq. (32), we investigated the relation between ¢* and *wHw/S.
According to Eq. (20), ¢" can be rewritten as follows:

*wﬂng B *wuaw(l;(*wn)\w/\n) B *wuawz(*wn)\w)\n)
QT Qlwtw)  (wwy,)?/4

g = (33)
Recall that, in general, g"” is not a physical quality but rather a purely mathematical
quantity. However, there exists an exceptional case in which g*” becomes physical, as
shown by Eq. (34), which was derived by lengthy straightforward calculations®*-2% on
the Weyl conformal tensor W3-

/ 1
WIORW g, — W2 =0, W2 = WO, (34)

Equation (34) shows that, for nonvanishing W2, the cosmological term Ag"” can be
interpreted not as vacuum but as (conformal) gravitational energy—momentum
tensor. By comparing Eq. (33) with Eq. (34), we find that

o3y v
, _WHIW s, o (g _ (o) o wiwg

L 2 7S O B 7 71070 Y R

which clearly shows that (4€2)? correlates directly with W2,

As we have referred to at the end of Sec. 1, quite recently, Aoki et al. proposed
novel mathematical schemes defining precisely a conserved quantity in a curved
space—time, that can be applied not only to the energy and momentum for matter
but also to the entropy of a given system. And in order to justify the new schemes,
they have successfully conducted various verifications for different gravitational
systems. We think that one of their new schemes on the entropy conservation pro-
vides tantalizing new information revealing the important role played by Weyl
tensor in gravitational “entropy dynamics”.

A possible connection between gravitational entropy and Weyl tenor was sug-
gested by Penrose in terms of Weyl curvature hypothesis’” which may explain the
observed extremely isotropic space—time structure of our early universe. Through
their series of studies, of which brief overview is given in the subsequent section,
Sakuma et al.?>?® are now pursuing a new study on developing an extended dark
matter (EDM) model having a form of cosmological term: Ayy,9,,, where the metric

tensor g, is related to Weyl tensor field through Eq. (35). The main reason why we
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consider an EDM is because we conjecture that, due to the ID structure arising from
material fields and their environmental space-time, dark matter phenomena would
not be figured out solely in terms of timelike particle dynamics, though the timelike
entity associated with EDM is our primary concern. We think that the aforemen-
tioned studies by Aoki et al.'* are helpful in identifying this timelike entity, because
they have proposed a general form of the definition of a timelike entropy current. The
key concept in their definition is, what they call, timelike intrinsic vector 6 # satisfying

TIV, (" =0= (V,(" =0, for TV = Aguglt), (36)

where V, and T}, respectively, denote covariant derivative and the ener-
gy—momentum tensor under consideration, the latter of which becomes )y, g% in our
present case.

From Egs. (10) and (13), we have the well-known equation: V,(ou”) = 0. In-
terestingly enough, we have already shown that €, in Eq. (26) whose physical
dimension is exactly the same as that of o also satisfies the same equation of
V., (Qqu”) = 0, though Q) is composed of a certain vortical field while ¢ is not such a
kind of quantity. Since the physical meaning of V, (") = 0 must be understood in
terms of Eq. (36), we can say that, thanks to it, Qgu” is a timelike gravitational
entropy current associated with Weyl curvature field. A novel proposal of dark
matter model based on this timelike gravitational entropy current will be given in
Subsec. 5.2.1.

From the definition of ) in Eq. (26), we see that it is a classical spin field
generated by the two-dimensional vortical motion of a fluid particle (or element)
confined on a comoving isentropic surface. The equality of the following two
expressions u”0,(c/n) = u"0,(Qy/n) = 0 derived from Egs. (13) and (30) holds if
there exists such a function f as to satisfy Q,/n = f(o/n). Actually, it is known that
this equality holds for a wider class of relation between €, /n and o/n called the fluid
element relabeling symmetry (FERS)?° leading to the invariance of Casimir func-
tionals referred to in Sec. 2. Thus, as we have stated at the beginning of the abstract
of this paper, our reinvestigation on relativistic extension of Ertel’s potential vor-
ticity having the property of FERS was set out with the motivation of aiming at a
meaningful connection between Aoki et al.’s'* novel achievement of Eq. (36) and our
central result of Eq. (35).

5. Brief Conclusions and Novel Perspectives on QFT and Cosmology
5.1. Conclusions on Qr dynamics and its implication for QFT

By reinvestigating the relativistic form of Ertel’s charge 7, of which importance has
been largely ignored except in the field of geophysical fluid dynamics, we found that
Qrut is a conserved “entropy current” in the sense of FERS mentioned above. The
importance of this finding is that while the physical dimension of Q7 is the entropy
per unit volume, this quantity is not identical to the thermodynamic entropy density;
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instead, it is related to both the vortical modes of a given energy—momentum field
T in Eq. (11) and the associated space-time ¢* (defined within the framework of
conformal gravity (34)). As a result, Ertel’s charge Q7 plays an important role in the
ID structure discussed in Sec. 1.

We think that the category-theoretic perspective plays a crucial role in exploring
the nature of Ertel’s charge in terms of QFT. In thermodynamics, the concept of
entropy is understood through the order structure between thermodynamic states
and the state transitions between them. Categories are a generalization of both the
order and the group-theoretic structure, and they are helpful in capturing the essence
of the spatio-temporal structure. In this respect, Saigo®” proposed the idea of con-
sidering the category algebra, which is a noncommutative convolution algebra de-
fined on a spatio-temporal category; furthermore, he considered the states as linear
functions on it, as quantum fields and their states. We believe that by reformulating
the discussion of Ertel’s charge from this perspective, we can naturally “quantize”
the contents of this paper. In the context of the quantized theory, the (possibly
continuous) sector structure arises, which describes the macroscopic nature of the
theory. As we have referred to in the brief explanation of MMD theory given in Sec.
1, so-called order parameters distinguish different sectors which have been shown to
be treatable in recent quantum measurement theory.?! We believe that, as a future
challenge, it is important to reexamine the role of Ertel’s charge from the viewpoint
of sector theory.

5.2. Nowel perspective on cosmology
5.2.1. On a dark matter model

In Sec. 4, we showed that dim[Q)] = dim[T"] in Eq. (11), and we found that the
nonzero value of Q2 corresponds to the nonzero value of W2, which suggests that the
nonzero ) is associated with a special energy field associated with nonzero W2. In
general, in the Einstein field equation (37)

1 87
R — S Rg" + Ag" = = — T, (37)

energy—momentum fields are associated directly with Ricci curvature terms; thus, a
peculiar energy field such as €2 would be related to the cosmological term Ag"” we
discussed with Eq. (34) to some (or a large) extent. As the first step toward un-
derstanding the physical meaning of a conserved “entropy” density Qp(= Q/T), we
introduce a constant reference temperature Tp, the magnitude of which is immaterial
at this point in our discussion but which will become important in our newly pro-
posed hypothesis known as simultaneous conformal symmetry breaking (SCSB) of
electromagnetic and gravitational fields. With Tp, we can introduce a nondimen-
sional parameter such as the particle number 7 := Ty /T, which is inversely pro-
portional to the temperature T. With 7, we can rewrite Eq. (24) as

v, (iQu”) = 0. (38)
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Therefore, if we redefine Q as Q := 7 and introduce 7" as 7" := Qutu”, we can
obtain

v, " =0, (39)

since u,, satisties the geodesic condition u”V,u, = 0 at the galactic scale. Note that
the nonzero €2 does not correspond to the nonzero Ricci scalar curvature R, but
instead corresponds to the nonzero Weyl curvature W?2; thus, the nonzero current
Qut can exist even in “nearly vacuum” regions where R® ~ 0. Furthermore, since
the magnitude of Q is inversely proportional to 7', Q would become extremely small
soon after the beginning phase of the big bang and then increases, which suggests
that the current Qu# is in a region where R* = ( is a promising candidate for the

(cold) dark matter model.

5.2.2. Brief review of previous cosmological studies by Sakuma et al.

In their recent study on the off-shell properties of quantum fields motivated by
enigmatic dressed photon research,'® Sakuma et al.?>*® shed new light on the long-
forgotten GR theory (proved in axiomatic QFT) referred to in Sec. 1, which states
that interactions among quantum fields must inevitably accompany spacelike mo-
mentum supports. Since these findings revealed a novel perspective on cosmology,
especially for models of dark energy and dark matter, we will briefly review these
findings before we discuss the above-mentioned dark matter model Qu# further.
First, on the basis of the GR theorem, in previous research, the mathematical form of
a spacelike electromagnetic field, which can be regarded as the extension of the
charge-free Maxwell equation into spacelike momentum domains, was investigated.
The main conclusions can be summarized as follows ((i)—(iv)):

(i) The extended electromagnetic four-vector potential U, can be represented by
the Clebsch parametrization (CP)*? with the parameters (), ¢); the former
satisfies the spacelike Klein-Gordon (KG) equation V,V7\ — (k()?A = 0, where
Ko is the experimentally determined dressed photon constant, while the latter
satisfies either the same KG equation or V,V?¢ = 0, depending on whether U,
is spacelike or lightlike. The lightlike U, can be interpreted as a U(1) gauge
boson, while the spacelike U, provides the necessary spacelike momentum
supports for field interactions. In fluid mechanics, CP is used for canonical H
formulations of barotropic fluids. CP is suitable for extended free Maxwell fields
because, in sharp contrast to Eq. (18), for the baroclinic case, the pseudoscalar
Qo) defined by Eq. (40) always vanishes:

Qo) 1= Sp1523 + S02.531 + S3512 = 0, (40)

where S, := V,U, — V,U, denotes the field strength of the extended electro-
magnetic field. According to Eq. (40), as in the case of a free electromagnetic wave,
the extended “electric” and “magnetic” fields are perpendicular to each other.

2250155-12
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The energy-momentum tensor 7% for both cases can be written in a unified
form as

. Ao 1 safB 5
o af
T = SO‘ - 5 Sa()’guy7 Saﬁ"/é = S(yﬁs’yé' (41)
Note that due to the skew-symmetric nature of S, S'M«M satisfies exactly the
same properties as the Riemann curvature tensor R,g.s; that is,

Rﬂa’yé = _Raﬁ'yév Ra;&h = _Raﬂﬂ/& R’yﬁaﬁ = Raﬂﬂ/ﬁa (42)
Ra,@'y(S + Ra’yéﬂ + Ru&ﬂ'y =0. (43)

Equation (43) is known as the first Bianchi identity and corresponds to Eq. (40).
Therefore, T# in Eq. (41) becomes isomorphic to the Einstein tensor G, and
its divergence vanishes. Specifically, we can say that Tw naturally fits into the
geometrodynamics of general relativity.

Since the nonlightlike U* has a spacelike momentum field parametrized by kg in
the aforementioned spacelike KG equation, it forms a submanifold of de Sitter
space (a pseudo-hypersphere ® embedded in R°) with a geometrical structure
similar to the spacelike KG equation, with the radius of © corresponding to % as
a scale parameter. According to Sakuma et al.,?>>® the importance of de Sitter
space is twofold. First, using a spacelike momentum field in de Sitter space,
Snyder?? derived a space—time quantization with a built-in Lorentz invariance;
second, de Sitter space is a solution of the KEinstein field equation, which
describes the accelerated expansion of the universe. In accordance with Snyder’s
work, they showed that the quantized form of T can be given by a combined
form of the Majorana fermion field, which behaves as an energy—momentum
tensor with “virtual photons” acting as mediators of electromagnetic field
interactions and 7" associated with a unique ground state M, which can be
regarded as a compound Rarita—Schwinger state with a spin of 3/2. In terms of
the accelerated expansion of the universe, they considered the possibility that
the trace of the energy—momentum tensor representing M, can be interpreted as
a “reduced cosmological constant” App (negative in our sign convention) whose
magnitude can be evaluated by the new theory of dressed photons. In fact, App
is —2.47 x 107" m~2, while the observed value of A, derived from Planck
satellite observations,** is —3.7 x 10753 m~2.

The light field, including the newly identified spacelike counterpart U,,, is an
essential element in the theory of dressed photons. An especially intriguing
aspect of dressed photons is that even in the lightlike field U, that satisfies
(U,)*U" =0, where (U,)* is the complex conjugate of U,, the spacelike KG
equation V,Vo\ — (ko)?>\ = 0 is “encoded” in this lightlike field through CP. If
the conformal symmetry of the lightlike U, field, which has W? = 0 and may be
related to the Weyl curvature hypothesis proposed by Penrose,?” breaks, then
the spacelike U, field emerges, along with the above-mentioned M, which is
responsible for generating de Sitter space. de Sitter space has the unique
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structural characteristic of twin universes,?® with each twin universe separated
by the hypersurface of the event horizon embedded in it. Thus, starting from
“the big bang” in the respective domains caused by the conformal symmetry
breaking of the lightlike U, field, the twin universes (with one consisting of
ordinary matter and the other consisting of anti-matter in the sense of time
reversal) merge eons later at the event horizon and return to the original light
phase. In this scenario, the creation and annihilation of the universe can be
compared to those of elementary particles according to the intermediation of the
light field. We believe that this cyclic twin universe cosmology is similar to the
conformal cyclic cosmology>® proposed by Penrose.

The newly proposed cosmology described above includes two noteworthy features
that are missing from current cosmology based on cosmic inflation scenarios. First, in
the former, instead of treating vacuum energy as starting from nothing, we assume
the infinite cyclicity of the twin universes, with the “nodes” represented as a
“lightlike universe” with null distance. One cycle begins with the conformal sym-
metry breaking of the nodal lightlike universe, and because of the property W? = 02%
(the aforementioned Weyl curvature hypothesis) of the nodal universe, the isotropy
of the emerging nonlightlike universe can be naturally explained, in sharp contrast to
inflation scenarios. Furthermore, the twin structure of the universe provides a simple
solution to the missing anti-matter problem.

5.2.3. On the flatness of the universe and the thermodynamic twin structure

In addition to the isotropy of the universe, we must consider the flatness problem.
Sakuma, et al.?® proposed an SCSB hypothesis, which is referred to in the argument
immediately before Eq. (38). According to this hypothesis, the twin universes are
assumed to be metric space-times emerging from simultaneous transitions from
null electromagnetic and gravitational fields that satisfy (U,)*U” = 0 and W? =0,
respectively, to the symmetry breaking spacelike (U,)*U” < 0 and W? #£ 0 fields.
The key assumption of SCSB is that this transition can be parametrized by kg, and
our reasoning is based on the following two facts:

(a) The abundance ratio of dark matter to dark energy is approximately 1/3.
(b) The physical meaning of the cosmological term Agt’ can be explained by
Eq. (34).

In Subsec. 5.2.1, we discussed a new plausible form of dark matter; however, given
its overwhelming presence over ordinary matter, we do not believe that the dark
matter modeled by Qu# is the most dominant form of dark matter.

As we explained in item (iii) of Subsec. 5.2.2, in the model of Sakuma et al., the
observable effect of dark energy is generated by the reduced cosmological constant
App, which has been shown to be proportional to 3(x)?. We include the factor 3 in
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the expression of App because the spatial dimension of our universe is three. Recall
that our original goal, which led to the introduction of App, was to properly evaluate
the involvement of the spacelike momentum field in quantum field interactions,
and the existence of App was derived from electromagnetic field interactions as an
important parameter characterizing the ground state of spacelike “virtual photons”.
The similarity between Newtonian gravity and electromagnetic Coulomb force
strongly suggests a possibility that the physical entity similar to spacelike *
photons” must be involved in gravitational field interactions. Thus, we believe that it
is natural to assume that a similar argument can be extended to gravitational field
interactions, although we do not have a satisfactory quantum gravitational theory.
In electromagnetism, the spacelike extension of Maxwell theory is given by Eq. (41).
For the gravitational case, based on Eq. (39), we introduce a spacelike extension with
the form T" = Qu“u”, where u* satisfies the spacelike four-vector condition
u’u, = —1. We investigated this form because the important scalar parameter in our
“zero-point energy” of the Q
field, which exists implicitly in the quantum version of Eq. (11).

‘virtual

dark matter model must be identified in terms of the

The energy-quantized version of 7" is the one in which € is discretized and the
minimum value of € := Min[|Q|] > 0 exists, which can be compared to the zero-
point energy hv/2 of a harmonic oscillator. As previously stated in the discussion of
dark energy by Sakuma et al.,2® the spacelike energy—momentum tensor 7" = Qutu,,
is not observable, except for its trace, which can be observed as invariant under
general coordinate transformations. On the basis of their arguments, we may say
that the zero-point energy —Qo, as the trace of (TZ)O, can be reinterpreted by
transferring it from the right-hand side of the Einstein field Eq. (37) to the left-hand
side as the hypothetical cosmological term A(Qo)g’“’, in which the existence of gt is
formal and has no physical meanings, where

~ 87G ~
4A(Qo) = CTQO (44)

In contrast to the case of dark energy, however, we can investigate a different pos-
sibility in the dark matter model; that is, based on guiding fact (b), we can interpret

A(¢)g" not as the hypothetical cosmological term mentioned above but instead as
“a real” cosmological term with the form Ag,¢"’, where Ag,, = A(QO) and g"
represent the energy—momentum tensor of the conformal gravity field given by
Eq. (34). Then, by applying guiding fact (a) to A, = A(Q()), we can introduce a core

assumption of the SCSB hypothesis, which has the form
Adm = A(QO) = _ADP/3 > 0. (45)

First, we note that the condition of W2 # 0 in Eq. (34) is necessary to define g* as
the energy—momentum tensor of the conformal gravity field, which allows us to
hypothesize that Ay, is directly related to the minimum value of quantized |WW?2|.
Recall that the magnitude of QO depends on the undetermined constant parameter
Tr, which was introduced in the argument of Eq. (38). By adjusting this parameter,
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we can ensure that A(QO) is equal to Ag,,, which corresponds to the minimum value
of quantized |W?2|. Second, as previously mentioned, —App is proportional to 3(r)?;
thus, according to Eq. (45), the parameter Ay, of the gravitational field is related to
the parameter (k,)? of the electromagnetic field. Since the factor of 3 in —App reflects
the spatial dimension of our universe, we hypothesize that Ag, o (%) implies the
“equipartition of energy” in four-dimensional space-time, which can be concisely
represented by a sign convention with the form (+,—, —, —). The overwhelmingly
large abundance ratios of dark energy and dark matter to ordinary matter suggest
that the space—time structure of our universe is determined by these two dark
components. As a result of the above-mentioned “equipartition of energy”, our
universe has a nearly flat space—time structure. Thus, Eq. (45) relates the parameter
of conformal symmetry breaking in an electromagnetic field to that in a gravitational
field in a way that it is consistent with observational evidence.

Agm, as defined in Eq. (45), is a unique parameter of anti-de Sitter space (ADS),
the theoretical importance of which can be appreciated by ADS/CFT correspon-
dence. Although an expansion-accelerated universe, such as ours, is not ADS itself, it
is worth noting that the scale of our universe as one of the pairs is given exactly by
Agp;?® thus, in this sense, ADS must be a genuine scale parameter of our universe. If
we choose a natural unit system in which the speed of light ¢ and the Planck constant

h have unit magnitude, then the length scale \/1/(g)? ~ 40 nanometer, called the

28

dressed photon constant, can be shown to be the geometric mean®® of the smallest

Planck length and the largest \/1/Aqy,. It is also worth noting that /1/(k)? pro-
vides a rough estimate of the Heisenberg cut for electromagnetic phenomena. We can
argue that the dark matter phenomenon can be explained by combining Qu* cur-
rents in regions where R*” is negligibly small, which was noted in the argument after
Eq. (39), and the result derived of Eq. (45).

Regarding the twin structure of universes and the thermodynamic aspect of space—
time, we briefly refer to Tomita—Takesaki theory®S on the Kubo-Martin—Schwinger
(KMS) state, which can be regarded as a generalization of the Gibbs state that covers
thermodynamic equilibrium states with infinite degrees of freedom for which we
cannot define trace operations. Since the KMS state is a mixed state, its corre-
sponding Gel’fand—-Naimark—Segal representation is reducible. Therefore, for M
defined as a von Neumann algebra in Hilbert space §), there exists a commutant M’
that satisfies the following inversion relation:

IMI =M, eI Me ™ =M, J>=1, (46)
JHJ = —H, (47)

where H and J denote the Hamiltonian and the anti-unitary operator known as the
modular conjugate operator. The spectrum of the Hamiltonian is symmetric with
regard to its sign, indicating the existence of states with negative energy, whose
stability is known to be greater than that of a vacuum state.?” Thus, we believe that
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the result of Tomita—Takesaki theory applies to the case of twin universes discussed
in this paper.
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Appendix A
Dividing Eq. (15) by n, we have
(w/n)u’d,u, — (0,p)/n + (u,u”/n)d,p = 0. (A1)
The first term on the left-hand side of (A.1) can be rewritten as
uu(w/n)auu/t = uy[au{(w/n)uu} - uy,au(w/n)]
= w0} — O, L/} + 9, )
— u’u,0,(w/n). (A.2)
With the new notation for the vorticity field w,, :=d,[(w/n)u,] — 0,[(w/n)u,],
(A.2) becomes
u”(w/n)ou, = —w,u’ +u’0,{(w/n)u,} —u’u,d,(w/n). (A.3)
By substituting (A.3) into (A.1), we obtain
_w;wuu + ulla,u{(w/n)uu} - (aup)/n - uyulj[au(w/n) - (aup)/n] =0. (A4)
Next, by applying u”u, = 1 to the second term in (A.4), we obtain
u’0,{(w/n)u,} = 9, {(w/n)u"u,} — (w/n)u,0,u” = d,(w/n). (A.5)
In addition, according to Egs. (9) and (13), the sum of the last two terms in (A.4)
becomes —u,u"T0,(c/n) = 0; thus, we can finally obtain that

—wyuu’ +0,(w/n) —(9,p)/n=0= w,u” =T39,(0c/n). (A.6)
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A Si infrared photodetector that operates without requiring to be cooled was fabricated, and its properties were evaluated. The function of this
device is to detect, as an electrical signal, carrier density changes due to stimulated emission utilizing a phonon-assisted process via dressed
photons. The photosensitivities of this device were 0.21 A W™, 0.03 A W~", and 0.01 A W~ for wavelengths of 1.3 um, 1.6 um, and 2.0 um,
respectively, when the forward current density was 50 A cm~2, and the device exhibited a higher sensitivity for wavelengths greater than the cutoff

wavelength. © 2022 The Japan Society of Applied Physics
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detectors in near-infrared to mid-infrared bands as ad-

vances have been made in such fields as communication,
medicine, and chemistry." Although Si is often used in a
visible-band photodetector, it is not possible to detect infrared
light at 1.12eV or higher with Si due to its bandgap. In
general, semiconductors employing compounds such as
InGaAs, InSb, and HgCdTe are used as photoelectric
conversion materials for such bandwidths;*>* however, there
are problems due to the toxicity and cost of the materials and
the need for a cooling mechanism.

Against such a background, there have been studies on
expanding the photodetection bandwidth of Si, which is low
cost and nontoxic. In addition, because Si is widely used also
in electronic devices, there is an advantage in that a Si device
can be fabricated so as to be integrated in an electronic device
by being incorporated into existing silicon processes. Si-
based near-infrared photodetectors have recently been stu-
died, using the effects such as internal photoemission in
Schottky junction,‘*"s) surface state absorption,'*' and
two-photon absorption.'®!” Also, in these studies, to en-
hance the infrared light absorption on the devices, the
structures such as plasmonic antennas, nano-pillars, resonant
cavities, and waveguides are used. Despite numerous studies,
for example, the photosensitivity for light having a wave-
length of 1.5 jum remains at 36 mA W '.'¥

We have developed a Si photodetector that operates in the
infrared region by utilizing a “dressed photon—phonon-
assisted” process, which is understood by describing near-
field light in which a light field is localized in a p-n junction
interface as dressed photons in which the near-field light is
quantized."® The “dressed photon—phonon-assisted” process
is a transition process of a photon—electron state caused by
interactions between dressed photons and phonons.
Normally, because Si is an indirect transition semiconductor,
interactions between photons and phonons are limited due to
the wavenumber conservation law; however, dressed photons
localized in a space that is smaller than the wavelength of
light are described by a superposition of photons that have a
large spread in the wavenumber distributions, and thus, the
dressed photons are strongly coupled with phonons, thereby
causing the “dressed photon—phonon-assisted” process.
Accordingly, with respect to Si, which is an indirect transi-
tion semiconductor, we have reported many high-efficiency

I n recent years, there has been an increase in demand for

045002-1

light-emitting devices that utilize stimulated emission based
on phonon-assisted processes.'® ¥ The present photode-
tector is based on a mechanism utilizing carrier density
changes due to this stimulated emission. Figure 1(a) shows a
band diagram describing the mechanism of the present
device. The photodetector applies a forward bias, and detects,
as an electrical signal, a change in carriers due to stimulated
emission generated by external light. For direct experimental
data indicating that stimulated emission is occurring in the Si
device, see the supplementary data available online (available
online at stacks.iop.org/APEX/15/045002/mmedia). In addi-
tion, because this intermediate energy level is caused by
dressed photons generated by incident light, the photode-
tector is not affected by thermally excited electrons, and thus,
it can be operated at room temperature. The present study
describes a photodetector that employs Si crystal and
operates at room temperature in a 2.0 pm band and that is
fabricated by using dressed photon technology.

A fabrication process referred to as dressed photon-assisted
annealing is required in order to fabricate a device utilizing
dressed photons. This annealing method utilizes Joule heat
generated as a result of applying a forward current to the p-n
homojunction of a crystal of indirect transition semicon-
ductor or the like while irradiating the crystal with light
having lower energy than the bandgap of the crystal. Dopant
atoms in the crystal are randomly diffused by the heat
generated by the forward current. Meanwhile, light having
lower energy than the bandgap of the crystal is propagated in
the crystal without being absorbed by the crystal. This light
generates dressed photons by being coupled with electron—
hole pairs in nano regions of the dopant atoms, and is
additionally coupled also with phonons in the crystal. The
dressed photons possess countless intermediate energy levels
due to multimode phonons and emit phonons to generate
stimulated emission. As a result, a portion of the Joule energy
is converted to light energy, thereby locally cooling the
dopant atoms and stopping the diffusion of the dopant atoms.
As a result of repeating the above-described processes, the
dopant distribution in the crystal is autonomously controlled
so as to achieve an optimal distribution for dressed photon
generation. As a result, the fabricated device also has a high
dressed photon generation efficiency during operation and
generates stimulated emission utilizing the phonon-assisted
process. Readers are referred to the previous work of the

© 2022 The Japan Society of Applied Physics



Appl. Phys. Express 15, 045002 (2022)

T. Kadowaki et al.

(a) (b)
2F \ / c
2
=3 Electron 2
z Phonons (DPP) S p-type electrode
S ] ¥ 5
S Input light " @ Epitaxial_] p-type
2 (aeA) Slimuisted 1} 79 layer |n-type —
w -t # emission 2
5 | & Si substrate
r Q
Hole & n-type electrode
L r X
Momentum
Fig. 1.

= Ly,
’ - ‘

1 mm

(Color online) The structure of Si infrared photodetector: (a) band diagram of Si for describing the operating mechanism of the present device;
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Fig. 2. (Color online) The dependence of changes in the output current on the incident light intensity: (a)~(c) indicate results of applying the forward voltage

to the device at 3V, 5V, and 6.5 V, respectively. Here, I; in the figure shows the value of the forward current without incident light beams. In addition, the

individual plots indicate the wavelengths of the incident light beams.

author’s group for a further theoretical discussion about
dressed photon assisted annealing. 2%

Figure 1(b) shows the structure of the employed Si
substrate. A high-resistance Si epitaxial layer (the dopant
species is As and the concentration is 1 x 10" cm™?) having
a thickness of 4 um was grown by using CVD on a low-
resistance Si single crystal substrate (100) (the dopant species
is Sb and the concentration is 1 x 10"’ cm™?). Subsequently,
a p—n homojunction was formed by injecting its surface with
B atoms, which serve as p-type dopants, at a peak concentra-
tion of 1 x 10" cm™ and energy of 700 keV.

On this Si substrate, mesh-like electrodes, shown in the
optical micrograph in Fig. 1(c), were formed, and the device
was fabricated by dicing the substrate into 1 mm squares.
Here, the p electrode was formed of Cr/Au (100 nm/700 nm),
and the n electrode was formed of Cr/Pt/Au (30 nm/200 nm/
700 nm).

Next, the above-described dressed photon assisted an-
nealing was performed under the following conditions:
heating by Joule heat was performed by applying a forward
voltage of 5.5V (15 A cm %) to the area between the two
electrodes; and, at that time, a p-layer surface was irradiated
with laser light having a wavelength of 1.3 um and power of
160mW (20 W cm ) for one hour. Doing so makes it
possible to arrange the B atoms, which are p-type dopants, in
a spatial distribution that is suitable for generating dressed
photons.

The present device was used to evaluate changes in the
output current with respect to incident light at room
temperature, as an example of photodetector properties, and
the results are shown in Fig. 2. Specifically, the device was
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irradiated with light beams having wavelengths of 1.3 um,
1.6 ym, and 2.0 pm, respectively, in the state in which the
forward bias was applied to the device, and changes in the
current at that time were measured. Note that this measure-
ment was performed for a time short enough that changes in
the spatial distribution of dopant atoms due to annealing, as
indicated above, do not occur. Figures 2(a)-2(c) show results
for the cases in which the forward bias was 3V, 5V, and
6.5V, respectively, and the plots in the figures represent
differences among the incident light beams having different
wavelengths. Here, I in the figure shows the value of the
forward current without incident light beams. From these
plots, changes in the output currents were confirmed for the
respective incident light beams having higher wavelengths
than the bandgap. Furthermore, an abrupt change in the
current value was observed only in the light having a
wavelength of 1.3 ym in Fig. 2(c), as indicated by the arrow.
This observation will be discussed later.

Figure 3 shows the results of converting the above results
so as to show the applied current density on the horizontal
axis and the photosensitivity on the vertical axis. The
photosensitivity tends to increase with an increase in the
injection current density. This trend suggests that stimulated
emission occurred via dressed photons.

In particular, corresponding to the result in Fig. 2(c), there
was a large increase in the photosensitivity properties when
the wavelength was 1.3 um (indicated by the arrow in the
figure). The observed pattern is assumed to be a result of
using the light having a wavelength of 1.3 um for the
irradiation in the dressed photon-assisted annealing when
fabricating the device. Specifically, there is a correlation

© 2022 The Japan Society of Applied Physics
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Fig. 3. (Color online) The photosensitivity with respect to the injection
current density. The individual plots indicate the wavelengths of the incident
light beams.

between the wavelength of the irradiation light used when
performing the dressed photon assisted annealing and the
wavelength of light emitted by utilizing a phonon-assisted
process based on the generated dressed photons, and light
having the wavelength of the light radiated in the dressed
photon assisted annealing tends to be emitted at high
efficiency. This phenomenon has been investigated in detail
in the previous work of the co-authors, and we refer to it as
the photon breeding effect.”®*”

Next, Fig. 4 shows the photosensitivity with respect to the
wavelength. In the figure, the red line indicates the result of
the present study at 50 A cm 2, the square symbols (IH)
indicate the results of the previous work by co-authors, the
diamond symbols (>) indicate the results for a Schottky-type
device in the previous work, and the broken line indicates the
result for a commercially available Si-PD (Hamamatsu
Photonics: $3590). In addition, the vertical line in the figure
is the cutoff wavelength Ac (1.1 um) of Si. The photosensi-
tivities of the present device are 0.21 A W', 0.03 A W',
and 0.01 A W' when the wavelengths are 1.3 um, 1.6 um,
and 2.0 pm, respectively, and it is clear that a higher
sensitivity is observed for a wavelength that is higher than
the cutoff wavelength. In addition, as compared with the
previous work,'? a sensitivity that is greater by at least about
two orders of magnitude was realized at the wavelength of
1.6 um. In particular, also at the wavelength of 2.0 um,
the device was shown to exhibit a high photosensitivity of
12 mA W',

Finally, the noise equivalent power (NEP) property of the
present device is addressed. The NEP represents the incident
light intensity at which the S/N becomes 1, and, as a
parameter, a lower value indicates a higher performance as
a photodetector. As a result of the noise measurement, the
NEP of the present device was estimated to be
1.44 x 10”5 W/Hz'? for the wavelength of 1.3 pm. This
value is as high as that of a commercial Si-PD for visible
light, and ten times as high as that of a commercial InGaAs-
PD for infrared light. This result is due to the fact that the
present device is less susceptible to shot noise, as with a
normal PD, and the noise energy level of the device is low,
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Fig. 4. (Color online) Comparisons with the previous work for the
photosensitivity with respect to wavelength. For the present study, the results
are shown for a forward current density of 50 A cm™>,

because a forward bias is applied and the current flowing in
the device is used as a reference. Also, the dynamic range of
the present device is addressed. The device has a dynamic
range of over 50 dB. Increasing the bias voltage applied to
the device increases its photosensitivity, allowing the device
to detect incident light of lower power. Therefore, the
dynamic range of the device can be made wider by adjusting
the bias voltage.

We fabricated a Si infrared photodetector that operates on
the basis of stimulated emission via dressed photons, and
evaluated its properties. The present study showed that our
device exhibits high photosensitivity with respect to light
having a wavelength that is higher than the cutoff wave-
length. Because the photosensitivity increased with an
increase in the forward current density, the observed pattern
was interpreted to be a result caused by stimulated emission
via dressed photons. In particular, the sensitivity for the
wavelength of 2.0 um was 12mA W™ at room temperature,
thus indicating the feasibility of a Si photodetector that
operates at room temperature in the range from near-infrared
to mid-infrared.
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Abstract-This paper reports the results of numerical
calculation on the dressed photon (DP) energy transfer
based on a two-dimensional quantum walk model. In order
to compare with the experimental results, the fiber probe
was approximated by a two-dimensional right-angled
isosceles triangular (RIT) lattice and an equilateral
triangular (ET) lattice. The probability of DP creation at the
apex of the RIT lattice was higher than that of the ET lattice,
which was in agreement with experimental results.

1. Introduction

Experimental studies on dressed photons (DPs) have been
actively carried out and applied to produce a variety of
advanced technologies [1]. A DP is created in a nano-
particle (NP) and on its surface if the NP is irradiated by
propagating light (wavelength A ). The size of the DP is
equivalent to the size of the NP, and is much smaller than
A. The DP is a quantum field that is created as a result of
the interaction among multiple elementary particles such as
photons and excitons in a nanometer-sized space. A novel
off-shell science theory was built recently and succeeded in
describing the fundamental process of the interaction for
creating the DP [2,3].

The energy of the created DP transfers to the adjacent
NP via a process called DP hopping. In the case where
multiple NPs are the atoms in a crystal lattice, the DP
excites a lattice vibration during the hopping, resulting in
the creation of phonons. Subsequently, the DP exchanges
its energy with these phonons to create a dressed-photon—
phonon (DPP) quantum field [4]. To achieve further
advances, theories on the spatio-temporal behavior of the
DP energy transfer should be built to identify the origin of
the phenomenon of autonomy that has been experimentally
confirmed by the observation of this transfer [5].

The energy is dissipated when the DPP reaches a
singularity (for example, at an impurity atom doped in a
crystal or at the apex of a sharpened fiber probe). The
dissipated energy is transformed to propagating light and

ORCID iDs M. Ohtsu: 0000-0002-4680-9759,
E. Segawa: 0000-0001-8279-9108,
K. Yuki; 0000-0001-5408-5124

can be observed by an external detection system. This
means that the singularity serves as an output port to create
the propagating light that serves as an output signal.
Figure 1 shows the external forms and cross-sectional
structures of fiber probes [1]. The DPP energy dissipates
from the taper of the fiber probe. This corresponds to
radiating scattered light from the taper. In order to avoid
this radiation, an opaque metallic film is formed on the
taper (Fig. 1(a)) to realize a high-efficiency fiber probe.
This is the prototype of devices that are now popularly used.
Figure 1(b) is a basic fiber probe without a metallic film
coating, resulting in DPP energy dissipation from the taper.
This is a primitive device that has been used only in the
early stages of DP science. .
w‘etallicﬁlm A I-I /
Fig.1 External forms and cross-sectional structures of the
fiber probe. (a) A high-efficiency fiber probe. (b) A basic

H Taper Taper
(a) (b)
fiber probe.

Employing a quantum walk (QW) model, in which the
phonon can be added [6-8], is one promising theoretical
method for simultaneously dealing with the issues above.

This paper reports the results of numerical calculation on
the DP energy transfer. The results are compared with
experimental results on DPP creation at the apex of a fiber
probe.

2. Method

For analyzing the spatio-temporal behavior of the DP
energy transfer, a system Hamiltonian is assigned by
summing the DP energy, the phonon energy, the DP-
phonon interaction energy for coupling (the coupling
constant y ), and the DP hopping energy (the hopping
constant J) [1]. In order to construct a QW model for the
two-dimensional lattice, the two traveling directions of the
DP (the upper-right and lower-left directions) are assumed,
as represented by red and blue broken arrows in Fig. 2(a).
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While traveling, the DP repeats hopping from one lattice
site to its nearest neighbor, as represented by the bent red
and blue arrows in this figure. Figures 2(b) and (c)
represent the areas around the lattice sites A and B in Fig.
2(a), respectively. A three-row vector is used to express the
DPP probability amplitude:

; (1)

Ypp+

Wt,(x,y) = yDP—
yPhonon 1,(x,y)
where [ | represents the vector at time Z and at the position

of the lattice site (x,y) . y,,, and y, , are the

probability amplitudes of the DPs that travel in the upper-
right and lower-left directions, respectively, and y,,

is that of the phonon.
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L
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Fig. 2 Two-dimensional lattice.

(a) DP travelling to the upper-right and lower-left. 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 lattice sites A and B, the spatial-temporal
evolution equations for the vector y7, (ry arC

l/71+l,(x,y) = P+'/71,(x-1,y) + Rl]it,(x-#],y) + Pol/7:,(x.y) ’ (2)
and
1/71+l,(x,y) = RV?t,(x,yfl) + RWI.(X._V+]) + R)l/;t,(x,y) ? (3)

respectively. By summing the three matrices on the right-
hand sides, one has

e J

_ _ , 4)
U=P +P +F J e y
X X &

which meets a unitarity requirement for the QW model.
Diagonal elements g and g are the eigen-energies of

the DPs that travel to the upper-right and lower-left
positions, respectively, and , is that of the phonon.

Figure 3(a) shows a right-angled isosceles triangular

(RIT) lattice that approximates the profile of the fiber probe.

It schematically explains that, by applying input signals to
the sites on the base of the RIT lattice, DPs are created and
transferred to the adjacent sites. During this transfer, DPPs
are created by the DP-phonon interaction. These DPPs
transfer through the RIT lattice and finally reach its apex
(the tip of the fiber probe). This apex is assumed to be a
sink from which the DPP energy is dissipated. This paper

calculates the creation probability P of the DPP at this sink.
To cover a broader range of mathematical discussions
based on the QW model, a phase angle ¢£ is introduces to
the real-valued matrix in eq. (4). As a result, U is replaced
by a complex-valued matrix U (&) = exp(&)U -

The value of y/J may be fixed to 1 for simplicity,

indicating that the DP-phonon interaction energy is equal
to the DP hopping energy. However, to cover a broader
range of physical discussions, the present paper employs a
wider range of values, i.e., 0.1< y/J <10.
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P
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Fig.3 Two-dimensional triangular lattices.
(a) A right-angled isosceles triangle (RIT).
(b)An equilateral triangle (ET).

4. Results and discussion

After the input signals are applied, the value of P
increases with time. Preliminary numerical calculations
confirmed that the value of P converges to a stationary
value within a shorter time compared with a perfect graph,
which is advantageous for reducing the computation time
and for comparing with experimental results. This section
discusses the stationary value of P.

4.1 Dependence on parameters

For comparison with the experimental results derived by
using the fiber probes of Figs. 1(a) and (b), this section
calculates the value of P without and with DPP energy
dissipation, respectively, at the slope of the RIT lattice.
[Case 1: Without DPP energy dissipation]

Figure 4(a) shows the calculated dependence of P on &
and y/J (number of the sites on the base of the RIT lattice
n=61). Figure 4(b) shows the dependence of P on £ at
y/J=1inFig. 4(a). A lot of bumps are seen on the curve
in this figure, which are attributed to interference in the RIT
lattice, originating from the reflection at the slope. This
curve is symmetrical about £=90 degree. Furthermore, the
value of P in this figure takes the maximum p_ at &

=67.5 degree (=(3/8) it ). Figure 5 shows the dependence of
P, on n. This figure shows that p_  asymptotically

approaches a constant value of 3 X 10"! as 7 increases,
from which it was confirmed that sufficiently high accuracy
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of approximation for numerical calculation was obtained
when n >51.
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Fig. 4 The value of P in the case without DPP energy
dissipation (1 =61).
(a) Dependence on ¢ and y/.J. (b) Dependence on £ at

y/J=11in (a).

P
107 @
P \ /

ma; \ “
x 102+ PE——

10° L L L L L L
0 10 20 30 40 50 60

n

Fig. 5 Dependence of P on 7 in Fig. 4(b).

[Case 2: With DPP energy dissipation]
Figure 6(a) shows the calculated dependence of P on ¢

and y/J (n=61). Crescent-shaped red belts are seen in

this figure, in which the value of P is very large in
comparison with those outside the belts. The values of P
show irregular variations and abrupt increases in the red
belts and at their rim. Since these red belts are in the area
x/J >1,thevalue of P at y /=1 does not suffer any

effects from the red belt.

10" T
' 105 |
X 100 | P 07
) 109 |
s 0 o 45 90
¢ (degree) & (degree)
(a) (b)

Fig. 6 The value of P in the case with DPP energy
dissipation (71 =61).
(a) Dependence on ¢ and y/.J. (b) Dependence on &

at y/J=1in(a).

Figure 6(b) shows the dependence of P on £ at y/J

=1 in Fig. 6(a). No bump on the curve is seen in this figure,
which indicates that no interference takes place in the RIT
lattice. This curve is symmetrical about £=90 degree, as

was the case of Fig. 6(b). Furthermore, the value of P in
this figure takes the maximum P at &£=67.5 degree

(=(3/8) 7). The value of p_  asymptotically approaches a

constant value as 7 increases, from which it was
confirmed that sufficiently high accuracy of approximation
for numerical calculation was obtained when 7 > 51, as in

the Case 1 above. The value of P, was 3 x103 for n >

51, which is 107 times that in Fig. 5. This indicates that it
is effective to suppress the DPP energy dissipation (Case 1)
at the slope of the RIT lattice to increase the probability of
DPP creation. This indication is in agreement with
experimental results in which the taper of a fiber probe is
coated with an opaque metallic film to suppress the
dissipation and to increase the DPP creation efficiency at
the tip of the fiber probe (Fig. 1(a)).

4.2. Dependence on the apex angle of a fiber probe

This section calculates the probability P at the apex of an
equilateral triangular (ET) lattice. For reference,
experimental studies have found that the value of P was
smaller for smaller apex angles [9]. Unlike the 90 degree
apex angle of the RIT lattice in Section 4.1, this section
deals with a triangular lattice with a smaller apex angle, i.e.,
an ET lattice (the apex angle of 60 degrees), as an example,
as is shown by Fig. 2(b). In the RIT lattice (Fig. 2(a)), each
site has four nearest neighbor sites located along the *x -
and *y - axes. This means that the DPP energy transfers

from/to these four sites. In contrast, each site in the ET
lattice (Fig. 2(b)) has six nearest-neighbor sites located

+i57/6

along the directions of et x -, € X -,and Ly -axes.

The DPP energy transfers from/to these six axes. By noting
the number of these nearest-neighbor sites, the tempo-
spatial evolution equation for the ET lattice was derived by
modifying that for the RIT lattice, and the values of P was
calculated for the case without and with DPP energy
dissipation.

101 T 10—
2 100 v Q100 N |
2 . X7 RN |
10" - IR
0 45 90

¢ (degree) & (degree)

(a) (b)

Fig. 7 Dependence of P on & and y/J (n=51).

(a) and (b) are in the cases without and with DPP energy
dissipation, respectively.

Figures 7(a) and (b) show the calculated dependence of
P on ¢ and y/J without and with DPP energy
dissipation, respectively (7 =51). In Fig. 7(b), the red belt
is seen, as was the case in Fig. 6(a). Since this belt is in the
area y/J >1, the value of P at 5 /J=1 does not suffer
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any effects from this belt. Several results were derived from
Figs. 7(a) and (b), that are consistent with those of the RIT
lattice. They are:

(a) The value of P asymptotically approaches a constant

value as 7 increases, from which it was confirmed that
sufficiently high accuracy of approximation for numerical
calculation was obtained when n >51.

(b) The value of p_ of Fig. 7(a) was 1 X 1072 for n > 51,

which is 10 times that with DPP energy conversion (Fig.
7(b): 1x10-%) This indicates that it is effective to suppress
DPP energy dissipation at the slope of the ET lattice to
increase the value of P, as was described in Section 4.1.
This indication is in agreement with the experimental
results.

Table 1 summarizes the calculated values of p_  for

y/J=1. This table shows that the value without DPP

energy dissipation is larger than that with DPP energy
dissipation, which is in agreement with experimental
results. Furthermore, the value is larger for the RIT lattice
(an apex angle of 90 degree) than that for the ET lattice (an
apex angle of 60 degree), which is also in agreement with
experimental results [9].

Table 1. Calculated values of P
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Abstract—We discuss state transitions in C*-algebraic
quantum theory and reconsider state changes, usually
called the Schrodinger picture in quantum theory. We in-
troduce C*-probability structure and transition probability
in C*-algebraic quantum theory. By using them, we define
category of state transitions. Next, we explain the historical
background of this work related to quantum measurement
theory.

1. Introduction

We discuss state transitions in C*-algebraic quantum the-
ory. We define the concept of transition probability in C*-
algebraic quantum theory and explain the historical back-
ground of this work. The motivation for this paper is
twofold. One is to reconsider state changes in C*-algebraic
quantum theory, usually called the Schrodinger picture in
quantum theory. The other is to connect it with the categor-
ical framework. To achieve these purposes, we introduce
the concept of C*-probability structure. In the historical
background, we mention quantum measurement theory.

C*-algebraic quantum theory is suitable for the descrip-
tion of quantum systems with infinite degrees of freedom
including quantum fields. In quantum systems with infinite
degrees of freedom, the nontrivial sector structure emerges,
which distinguishes the macroscopic aspect of the system.
A C*-probability structure describes the probabilistic na-
ture of the system and specifies sectors involved in the fam-
ily of situations under consideration. Transition probabil-
ity is introduced in order to describe the transition between
C*-probability structures. In the context of quantum mea-
surement theory, the concept of instrument describes the
transition between C*-probability structures and has the ax-
iomatic characterization from the statistical point of view.
Typical, nontrivial examples of transition probability are
given by the measurement of discrete observables. By con-
trast, the introduction of instrument is motivated by the op-
erationally valid treatment of the measurement of continu-
ous observables. This is the reason why we actively treat
quantum measurement theory.

ORCID iDs Kazuya Okamura: 0000-0001-9223-5920

2. Cr-algebraic quantum theory and transition proba-
bility

2.1. Cr-algebraic quantum theory

Axiom 1 (C*-probability space [1]). All the statistical as-
pects of a physical system S are registered in a C*-
probablity space (X, w), where X is a C*-algebra and w is
a state on X. Observables of S are described by self-adjoint
elements of the C*-algebra X. On the other hand, the state
w on X statistically correponds to a physical situation (or
an experimental setting) of S.

This axiom declares that we describe a quantum system
in the language of noncommutative (quantum) probability
theory (see [2] for noncommutative probability theory, and
[3, 4] for operator algebras).

For every C*-algebra X, Sx denotes the state space of X.
We use the weak™ topology for the dual space X* of X. In
the weak™ topology, the neighboorhoods of w € X* are in-
dexed by finite sets of elements Xi, -+ , X, of X, and € > O:
UoX1,- Xp8) = {0 € X' | 10(X)) — 0(X))| < &, j =
1,---,n}. The weak® topology for Sy is the restriction of
that for X* to Sx. We adopt the Borel structure of Sy gen-
erated by open sets in the weak™ topology. B(Sx) denotes
the Borel sets of Sy.

The second dual X** := (X*)" of X is a W*-algebra,
a C*-algebra which is a dual space of a Banach space.
The isometric embedding * of X into X* is defined by
(X,p) = p(X) for all p € X*. The following axiom is usu-
ally assumed.

Axiom 2 (Born statistical formula). When an observable
A of X is precisely measured in a state w, the probability
Pr{A € Allw} that the spectrum of A belonging to A emerge
is given by Pr{A € Allw) = (EA(A), w).

2.2. C*-probability structure

Let X be a C*-algebra and (7, H) a representation of
X. B(H) denotes the set of bounded linear operators on
H. A linear functional w on X is said to be m-normal
if there exists a trace-class operator p on H such that
w(X) = Tr[n(X)p] for all X € X. V(x) denotes the set of -
normal linear functionals on X. Let M be a von Neumann
algebra on a Hilbert space K. Z(M) denotes the center of
M. M, denotes the set of ultraweakly continuous linear
functionals on M.

@@@@ This work is licensed under a Creative Commons Attribution NonCommercial, No Derivatives 4.0 License.
BY NC ND
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A linear subspace V of X* is said to be central if there
exists a central projection C of X**, i.e., C € Z(X*"), such
that V = CX* [5]. The dual space V" of a central subspace
V(= CX*)is a W*-algebra (isomorphic to CX**). A central
subspace is said to be o-finite if its dual is o-finite.

Example 1 (See [4, Chapter III] for example). (1) Let X
be a C*-algebra and (n,H) a representation of X. There
exists a central projection C(rr) of X** such that

V(m) = CmX* = {Cm¢ | ¢ € X'} = {p € X" | C(mp = ¢}.

(1)
(2) Let M be a von Neumann algebra on a Hilbert space
H. There exists a central projection C of M*™ such that
M. = CM*. In particular, B(H). is a central subspace of
B(H)".

Definition 1 (C*-probability structure). a = (X,,V,) is
called a C*-probability structure if it is the pair of a C*-
algebra X, and a central subspace V, of X. C*-PS
denotes the class of C*-probability structures. For each

a= (X, V) € C-PS, weput S, = Sx, N V,.
Here we adopt the next axiom, a sequel to Axiom 1.

Axiom 3. A quantum system in physical situations (or ex-
perimental settings) contained in a fixed category is statis-
tically specified by a C*-probability structure.

2.3. Definition

We shall define the concept of transition probability by
using C*-probability structure.

Definition 2 (Transition probability). Let a,b € C*-PS. A
map P(- < ) : B(Sx,) X S, — [0, 1] is called a transition
probability for (a, b) if it satisfies the following two condi-
tions:

(1) For every w € S,, P(- « w) is a probability measure
on Sx,.

(2) For any pair w € S, and A € B(Sx,) such that
P(A « w) # 0, wpay € Sy, where, for any pair w € S,
and A € B(Sx,) such that P(A « w) # 0, we define a state
w(pa)y on X by

dP(p «— w)

m, XEX},. (2)

wpp(X) = fP(X)
A
When a = b, a transition probability for (a,b) is also
called a transition probability for a for simplicity. For every
one element set {¢}, P({¢} < w) is denoted by P(¢ «— w).

Example 2 (Deterministic transition). (1) Let ax =
(X, X*) € C*-PS and « be a *-automorphism of X. A tran-
sition probability P for ay is defined by P(A « w) =
Ouwoa(B).

(2) Let a,b € C*-PS, and T : V, — V), a unital posi-
tive linear map. A transition probability P7 for (a,b) is
defined by PTD(A « w) = 67,(A) for all w € S, and
Ae fgcfixh)

2.4. Composition of transition probabilities

Definition 3. A transition probability P for (a,b) is said
to be discrete if, for every w € S,, P(- « w) is a discrete
probability measure on Sy,

Definition 4 (Composition). Let a,b,c € C*-PS, and Q
and P be transition probabilities for (b, c) and (a,b), re-
spectively. Suppose that P is discrete. The product Q = P of
Q and P is defined as follows: for every w € S,,

©Q*P)TxAw)= > QT «p)Ppe—w (3)

PEANS py,
forallT € B(Sy.) and A € B(Sy,).

To extend the product into the case where P is not dis-
crete, we use Riesz-Markov-Kakutani theorem stating the
one-to-one correspondence between probability measures
on a compact Hausdorft space S and states on the set C(S)
of continuous functions on S.

Definition 5 (Composition; continued). Let a,b,c €
C*-PS, and Q and P be transition probabilities for (b, c)
and (a, b), respectively. Q and P are composable if the fol-
lowing two conditions hold:

(1) For every w € S, and net {Py}eeca of discrete transi-
tion probabilities for (a,b) convergent to P, the net {Q *
P,(-lw)}eea of states on C(Sx, x Sx,) weakly converges to
a state on C(Sx, X Sx,).

(2) For every w € S,, the limit of the net {Q * Py(-|w)}qea
is independent of the choice of the net {Py}qca of discrete
transition probabilities for (a, b) convergent to P. Then the
limit is denoted by Q * P.

When Q and P are composable, we define a transition
probability Q<P for (a, c), called the composition of Q and
P, by (Q<P)I < w)=(Q*P)I'xSx,|lw)forallw e S,
andT € B(Sx,).

We use this composition to define category of state tran-
sitions: Objects and arrows are C*-probability structures
and transition probabilities, respectively. The latter must
satisfy the associative law of the composition of transition
probabilities.

Definition 6 (Category of state transitions). C is a category
of state transitions if it has

Objects C*-probability structures a = (X4, V,), and

Arrows b < a: f with transition probability Py for (a, b).
For every object a, the identity arrow a «— a : 1,
of a has a transition probability P\, for a such that
P, (A « w) =6,(A) forall w e S, and A € B(Sx,).

The composition of arrows involves that of transition prob-
abilities and satisfies the associative law.
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3. Historical remarks and instrument

We assume that H is a separable Hilbert space. We
do not distinguish density operators p on H and normal
states p on B(H) via the isomorphism ~ : T(H) — B(H).
such that p(X) = Tr[pX] for all X € B(H). We put
ay = (B(H),T(H)). By using transition probabilities,
state transitions by the measurement of discrete observ-
ables in the traditional context are given by the following
axiom.

Postulate 1. Let A = Y,z aE*({a}) be a discrete ob-
servable of B(H) to be measured. When a density oper-
ator p is prepared, the state pia-q after the measurement
is uniquely determined for each a € Sp(A;p) = {a €
R | Tr[EA({a})p] > O}, and the transition probability Pr
for agy is given by

PriA —p)= D THE'(ahplog,.,(A). ()
a€s p(A:p)

In particular, for every a € S p(A; p),
Pr(pia=a) < p) = TH[E*({a})p]. Q)

Postulate 2 (von Neumann-Liiders projection postulate).
For each a € S p(A; p), pia=q) in Postulate 1 is given by

o = EAahpE a))
W= T EA({a)pl

J. von Neumann [6] considered this postulate only for
non-degenerate observables, and Liiders [7] generalized it
for the degenerate case. Dirac’s transition probability [8]
motivated the above postulates. Under the above postu-
lates, we have the following lemma.

(6)

Lemma 1. When p is a prepared state and values of A
not contained in A are ignored, the state piacp) after the
measurement of A is given by

(Saex EA(ahpE* ({a) - EAA)
Tr{pEA(A)]

Suen EA(aDpE (@)
TrEAA]

For nondegenerate discrete observables, von Neumann
[6] derived Postulate 2 from

Postulate 3 (Repeatability hypothesis [6, 9]). If an observ-
able A is measured twice in succesion in the object system,
then we get the same value each time.

From Postulates 1 and 3, we have Tr[EA({b})pja=q] =
Oap for all a € Sp(A;p) and b € R. Under Postulate 1,
Postulate 2 implies Postulate 3.

Nakamura and Umegaki [10] pointed out that the map

En: BH) > X - ) EN(ahXE'(ah) €4 (7)

acR

is nothing but the conditional expectation of B(7H) onto the
von Neumann algebra {A} = {B € B(H) | AB = BA},

and conjectured that the same argument holds for continu-
ous observables. Arveson [11] proved that their conjecture
does not hold. Following those investigations, Davies and
Lewis [12] introduced the notion of instrument which de-
scribes general state changes caused by the measurement
in order to formulate measurement theory not based on the
repeatability hypothesis (Postulate 3).

Let V; and V, be central subspaces of the dual spaces
of C*-algebras X and X,, respectively. P(V;,V,) denotes
the set of positive linear maps of V; into V,. Also, (:,-)
denotes the pairing of V] and V.

Definition 7 (instrument). Let a,b € C*-PS and (S, ¥) a
measurable space. I is called an instrument for (a, b, S) if
it satisfies the following three conditions:

(1) I is a map of F into P(V,, Vp).

) (1, 1(S)p) =1, p) forall p € V.

(3) For every p € V,, M € V; and mutually disjoint se-
quence {Aj}jen of F, (M, I(U;A)p)y = X532 (M, I(A)pp).
An instrument I for (a,b,S) is said to be completely posi-
tive (CP) if I(A) is completely positive for all A € F.

Davies and Lewis [12] defined instrument more ab-
stractly. Their definition uses “state space” and includes
our definition in some sense. However, we cannot reach
our definition from their one without the understanding for
sector theory [13, 14]. The theory of CP instrument was de-
veloped in [15, 16] in the von Neumann algebraic setting.
The theory in the setting of the paper is a future task.

We shall define category of instruments. As defined be-
low, instruments become arrows in the category.

Definition 8 (Category of instruments). C is a category of
state transitions if it has

Objects C*-probability structures a = (X,,V,), and

Arrows b « a: I is an instrument I for (a, b, RY), where
d=0,1,2,---.

The composition of arrows is given by the product of in-
struments (see [12] for the definition of the product).

4. Central instrument

In the C*-algebraic setting, there exists a nontrivial ex-
ample of instrument, called a central instrument. It gives
the simultaneous central decomposition of states belong-
ing to the given central subspace. Thus the unification of
sector theory and quantum measurement theory is achieved
by the use of central instruments.

Let a € C*-PS, (S,7) be a measurable space, and
C: ¥ — Z(V}) aprojection valued measure (PVM). For
every My, M, € V; and p € V,, we define M,pM, € V,
by (M, M\pM,) = (M,MM,, p) for all M € V;. An instru-
ment ¢ for (a,§) is defined by J¢(A)p = C(A)p for all
peV,andAeF.
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Theorem 2 ([5, Theorem 10]). I = I defined above sat-
isfies the following conditions:

(WIS =pforallpeV,.

(2) It is repeatable, i.e., it satisfies T(A)I () = T(ANT) for
all AT e F.

(3) For everyp € S, and A € ¥, I(AN)p and I(A%p are
mutually disjoint.

(4) For every A € ¥, I(A) is V,,-bimodule map, i.e., for
everyAe F,peV,and M\,M, €V,

L(A)YMipMy) = Mi(Z(A)p)M>. ®

Conversely, if an instrument I for (a,S) satisfies the con-

ditions (2) and (4), then there exists a spectral measure
C:F — Z(V})) such that I = I¢.

An instrument 7 for (a,S) is said to be subcentral if it
satisfies the conditions (2) and (4) in Theorem 2. An instru-
ment J for (a,S) is said to be central if it is the maximum
in the set of subcentral instruments defined on a, where the
maximum is due to the preorder < on instruments defined
as follows: For instruments 74, J, for (a,S) and (a, S»),
respectively, | < I, if 71(F1) € 1,(5;) forall p € S,,
where 7;(F;), i = 1,2, is the subset of P(V,,V,) defined
by Ii(F:) = {Z:(A) | Ai € Fi}.

Theorem 3 ([5, Theorem 11]). I is central if and only if
the abelian von Neumann algebra generated by {C(A) | A €
F} is isomorphic to Z(V}).

5. Discussion and perspective

The content of the paper can be summarized as the fol-
lowing axiom.

Axiom 4. A quantum system is specified by a category;
its objects are C*-probability structures and its arrows de-
scribe transitions between them. Category of state transi-
tions and that of instruments are such examples.

The paper [17] by Saigo et al. motivates this work and
suggests further development. For example, we do not treat
the composite system related to the complete positivity of
instrument in the paper yet. The concept of transition prob-
ability has room for development. We believe that it is
important to establish the formulation of category of state
transitions applicable to quantum field theory in the future.
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Abstract: Based on a Clebsch dual field theoretical model, it is made clear that a dressed photon
(DP) originates from a transition of the spacelike momentum of the Majorana field to a timelike
one. This model derives a maximum size of the DP that has already been found by experimental
studies. It is pointed out that, in the case where the timelike Majorana particle and anti-particle
have anti-parallel spins, the pair annihilation creates a DP with a spin 0. The light converted
from this DP can be a unique light field with spin 0, which behaves as a particle. It is
experimentally confirmed that a cluster of photons emitted from an Si-LED behaves as such a
particle.

1. Introduction

Dressed photon (DP) is a quantum field created as the result of the light-matter interaction that is induced by
irradiating a nanometer-sized particle with light [1,2]. Thus, an interacting quantum field must be studied for
constructing a theorical model for the DP. However, the existence of a nontrivial interacting quantum field model
defined on a four-dimensional Minkowski spacetime has not yet been proven. Axiomatic approaches to quantum
field theories have derived many fundamental theorems, including the Haag theorem [3,4]. It is a no-go theorem,
implying that an "interaction picture exists only if there is no interaction" [5,6]. To put it roughly, we cannot go
beyond the theories for free fields if we stick to the axioms for conventional quantum field theories. Intensive
discussions on the theoretical methods based on classical Clebsch dual (CD) fields have been made in order to go
beyond free fields, and a mechanism of DP creation has been made clear recently. These discussions have also
succeeded in describing several experimental results by quantizing the DP energy [7].

2. Off-shell science theories for dealing with interaction

The DP originates from an off-shell electromagnetic field. Furthermore, this field is associated with the
longitudinal Coulomb mode, which plays an important role in light-matter interaction [7-9]. A theory for the DP
has to meet the requirement that has been stated by the Greenberg-Robinson (GR) theorem [10,11]. This theorem
claims that not only the timelike and lightlike momenta but also the spacelike momenta are required for the
interaction. The Maxwell equations can be expanded to the spacelike momentum region by using the CD field
because it can introduce the longitudinal mode into the electromagnetic theoretical formulation. By this expansion,
the conventional Maxwell equations can be analytically connected to the spacelike momentum region, and the
longitudinal mode can be dealt with. Then, space-time can be quantized, which is consistent with the Lorentz
covariance. Thus, the quantization of the spacelike CD field is consistent with the space-time quantization. This
means that the classical Maxwell equations were successfully expanded from the lightlike to spacelike momentum
region. Another important aspect of the quantization is that the length (or wavenumber) must be quantized in the
Majorana field [9]. This corresponds to the successful derivation of space-time quantization performed by Snyder
[12]. As a result, it is confirmed that a small DP field originates from a transition of the spacelike momentum of
the Majorana field into a timelike one. However, this DP cannot be observed in the macroscopic area because it
is much smaller than the wavelength of conventional propagating light. For measurement, the DP field must be
disturbed to create free photons by inserting a probe into the DP field.

3. Maximum size of the dressed photon

The quantization of the Majorana field suggests that there exists a maximum size of the DP, whose value has been
evaluated experimentally to be 40-70 nm [13]. This size is called the DP constant [14]. It is given by the
geometrical mean of the smallest Planck length and the largest length associated with a newly modified
cosmological constant. They are related to their dark energy model defined by the ground state of a spacelike
Majorana field and to their novel dark matter model defined solely by the Weyl conformal tensor field,
respectively [7-9].

4. Conversion from dressed photon to bullet-like propagating light

In the case of a pair annihilation of the timelike Majorana field involving anti-parallel spins, the created DP has a
spin 0. Specifically, the light converted from the DP can be a unique light field with spin 0, which behaves as a
particle. This particle-like behavior has been supported by the Wightman theorem [15] stating that: A Lorentz or
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Galilei covariant massive system is always localizable. For the Lorentz case, the only localizable massless
elementary system (i.e., irreducible representation) has spin 0. Here, localizability means that a position operator
can be defined for this system. Quantum mechanically, the bivector for the CD field represents a Majorana field
with spin 1/2; thus, a couple of anti-parallel vibector fields with spins 1/2 and —1/2 can be combined to yield a
null energy—momentum current with spin 0, which can be regarded as a unique bullet-like light field with spin 0.

Asilicon-LED (1.3-1.6 um wavelength) [16] was used to verify the bullet-like behaviors of emitted light
described above [7]. The values of the second-order cross-correlation coefficient (CC), measured by the Hanbury
Brown-Twiss method [17], were less than unity in the range of time difference shorter than 20 ns. This indicates
the photon anti-bunching, which is an inherent feature of a single photon. However, the CC took a nonzero value
at null time difference even though it is less than 1 x 1072, This nonzero value is attributed to the photons emitted
from multiple light sources located in close proximity with each other in the LED. These features suggest that a
cluster of photons emitted from the LED behaves as a single photon. It is named DP-cluster light and is closely
related to the localizable property of the spin O particle. Namely, if the observable positions of given spin 0
quantum particles are sufficiently close, the cluster of these particles would behave as if it were a single quantum
particle with the accumulated amount of energy.

The experimental verification above suggests that such a peculiar propagating light field exists, whose
energy-momentum tensor has exactly the same form as a free particle. If that is the case, a light beam consisting
of such a light field would behave as a bullet and be free from diffraction. In regard to this peculiar light field, it
is further conjectured that the mechanism of DP-cluster light may be involved in gamma ray bursts, one of the
cosmological enigmas, as an intermittent extremely high-energy radiation with strong directionality that reaches
the earth after travelling over an enormous distance of several billions of light years.

5. Summary

Based on a CD field theoretical model, it was made clear that a DP originates from a transition of the spacelike
momentum of the Majorana field to a timelike one. This model succeeded in deriving a maximum size of the DP.
This size was named the DP constant. It was found that, in the case where timelike Majorana particle and anti-
particle have anti-parallel spins, pair annihilation creates a DP with a spin 0. The light converted from this DP can
be a unique light field with spin 0, which behaves as a particle. It was experimentally confirmed that a cluster of

photons emitted from an Si-LED behaved as such a particle and was hamed DP-cluster light [18].

Acknowledgements
The author thanks Drs. I. Ojima and H. Sakuma (Research Origin for Dressed Photon) or their support in
theoretical studies.

[1] M.Ohtsu: Dressed Photons, Springer, Heidelberg, 2014.

[2] M. Ohtsu: Off-Shell Application in Nanophotonics, Elsevier, Amsterdam, 2021.

[3] R. Haag: On Quantum Field Theory. Dan. Mat. Fys. Medd. 29,12 (1955).

[4] D. Hall and A. S. A. Wightman: Theorem on Invariant Analytic Functions with Applications to Relativistic Quantum Field Theory. Mat.
Fys. Medd. Dan. Vid. Selsk. 31, 5(1957).

[5] R. F. Streater and A.S.Wightman: PCT, Spin and Statistics, and All That, Princeton University Press, 2000.

[6] R. Haag, Local Quantum Physics, second edition, Springer Verlag, 1996.

[7] H.Sakuma, I. Ojima, M. Ohtsu, and T. Kawazoe: Drastic advancement in nanophotonics achieved by a new dressed photon study. J.
European Opt. Soc.: RP. 17, 28 (2021).

[8] M. Ohtsu, I, Ojima, and H. Sakuma: Dressed Photon as an Off-Shell Quantum Field, in Prog. Opt. (ed. By T.D. Visser), vol.64, (2019).
[9] H, Sakuma, I. Ojima, M. Ohtsu, and H. Ochiai: Off-shell quantum fields to connect dressed photons with cosmology. Symmetry, 12,
1244 (2020).

[10] R. Jost: The General Theory of Quantized Fields. Amer. Math. Soc. Publ., Providence (1963).

[11] G.F. Dell’ Antonio: Support of a field in p space. J. Math. Phys. 2, 759 (1961).

[12] H.S.Snyder: Quantized space-time. Phys. Rev. 71, 38 (1947).

[13] M. Ohtsu: History, current development, and future directions of near-field optical science. Opto-Electronic Advances, 3, 190046
(2020).

[14] H. Sakuma and I. Ojima: On the Dressed Photon Constant and Its Implication for a Novel Perspective on Cosmology. Symmetry, 13,
593 (2021).

[15] A.S. Wightman: On the localizability of quantum mechanical systems. Rev. Mod. Phys. 34, 845 (1962).

[16] M. Ohtsu, Silicon Light-Emitting Diodes and Lasers, Springer, Heidelberg, 2016.

[17] R. Hanbury Brown, and R.Q. Twiss: A Test of New Type of Stellar Interferometer on Sirius, Nature. 178 ,1046 (1956).

[18] For the present status of the theoretical studies on off-shell science, please refer to the Special Issue “Quantum Fields and Off-Shell
Sciences”, Symmetry, 2021, guest-edited by M. Ohtsu.



[lll]] REVIEW PAPERS




MageE METLEODID] =&F

RRAFZERE XEn— (1) FU R MEFRFAER)

TOMIZHEL LD EVIEL DOFEDP O LB IDL=—7 W EH
A0, [ZDE) HAREELANIEALTRE BEZFE-TWLD
25| LEELTVWEY, FANEICE [CORIEARTIERZ]
EHYFETH, WRIEFREILT, ZhEESISHICMT s ER#
ATT Lo & 2 A THMBIEIHESS 2 A5 L VBl £ & ZEETER
WOk EETRITL TV A EME [FHH] Tehbihsz [(EL] Z
EANETEHAY BRI LLENHY ETA, (D] 2013 H5F
DIEMEDLBETT, KRR T X OBERFIZOHATL L I,
DV EEOT Y v Y VA S L E Lz

ficEobszvtfizchEcw{2MhBICLE L, #FFHid
FROEFAESELRY T, SR MBIEN 2 L L 2ol &

LTCHEERTHHM SN TWEEZROREIZLDDDT, KIZHTS
PEWIEGEIC D &0 Gl AR T 9, A4 B oF T EIN A O S0
FUABLS, kT, FLTHEM R L RE DL PHMAIN TS
D, ZEOMUEDEEIEY E3. T [LCALFRE? B ? | LEEODEL(GAEDLNT T, L
PLEBRICED L NS EZFEMICHEL (2B »LL) T ENELOT, [Loh)BbiT
WE] EALBRLE T, 2L TaibiEaikbs eMh»z (L] BB E, —ROWHHK 2 Kb o 2%
FICBRBDTT, W, TSI MHEFL] 2—0O» Lol di.

AHREIDOLHABOTLRVTTY, —HiAlhdd LT ) ¥, X0 [HFETL L0,
] 3FRT, TOHEIAFIZHENRTVET, [HEAELTEINTIdo/z] EERLI T, XD
%L DBREW->TVIDOICHRGEYF—HDH ) FEAD, ThHELRVOTT, XREHLLEATH
SMRATFEL T LA -TETTDT, (£9F), Mi—, KEAIN—IZ [HFLLEODPD] DERLWETR
FdhITh) EFUEBZELLTCORB [V ], [RAFYFZFIRAE], [V EMIZ--] &L,
WL ODDFTEOBMIC L b R o iRl D Y, HAEELEDLT [Z0<) ] LI L.

DR IER D )7 2 (2R 2 B L E . FEWRE, RFXIERoPSPLHFO M2 R L %5E, Wk
B ET L, Ebehn MHL] 2 ITHKRDN,

ML Eonrnl

| B R

W A5 200 K

WAl 2 2,400 17 + B
http://shop.optronics.co.jp/products/detail.php?product_id=787
L # Amazon T b #fift o T4 |

OPTRONICS (2022) No.8 111



[IV] PREPRINT DEPOSITORIES




Off-shell: 10.14939/22120.001.v1

Dressed-photon—phonon creation probability on the tip of a fiber probe
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Abstract

To study the probability of a dressed-photon—phonon (DPP) created on the tip of a fiber probe based on a quantum walk
(QW) model, the creation probability of the DPP at the apex of a triangle is numerically calculated by substituting several
values of mathematical and physical parameters. Two cases are dealt with: One is the case in which the DPP energy does
not dissipate from the slope of the triangular lattice; and the other is the case in which the DPP energy dissipates.
Sufficiently high accuracy of the approximation was obtained when the number of sites on the base of the triangle was
larger than 51. The probability of DPP creation at the apex of the triangle was larger in the case without DPP energy
dissipation at the slope of the triangle than that in the case with dissipation; furthermore, it was larger for a triangle with

a larger apex angle. The derived results were in agreement with experimental results.
1. Introduction

A dressed photon (DP) is a quantum field that is created as the result of an interaction between photons
and excitons (pairs consisting of electrons and positive holes) in a nanometer-sized particle (NP).
After the DP is created on an NP, it hops to adjacent NPs, where it creates a phonon. The created
phonon interacts with the DP to form a new quantum field, which is called a dressed-photon—phonon
(DPP) [1]. A quantum walk (QW) model was employed to analyze the tempo-spatial behavior of the
DPP energy transfer [2].

In the present paper, the probability of DPP creation on the tip of a fiber probe was
numerically calculated based on the QW model, and the calculated results were compared with
experimental ones. The results of preliminary calculations have been reported by ref. [3]. In Section
2, the purpose and method of calculation are reviewed. In Section 3, the profile of the fiber probe is
approximated by a right-angled isosceles triangle, in which a part of a square lattice is embedded.
The dependence of the calculated results on the number of the sites in the triangle is discussed. In
Section 4, the fiber probe is approximated by an equilateral triangle, in which a part of a triangular
lattice is embedded. The dependence of the probability of DPP creation on the apex angle of the fiber
probe is discussed by comparing the calculated results with those in Section 3. Section 5 summarizes

1



the results derived in the present paper.

2. Purpose and method

The present calculations are based on a two-dimensional QW model for simplicity. Figure 1 shows a

right-angled isosceles triangle, in which a part of a square lattice is embedded. Here, the number of

the sites on the base of the triangle is 7, and this triangle is expressed as T, (n). This figure

schematically explains that, by applying input signals to all the sites on the base of the T, (n), DPs

are created and transferred to the adjacent sites. During this transfer, DPPs are created by the DP—

phonon interaction. These DPPs transfer through the T, (n) and finally reach its apex (the tip of the

fiber probe). This apex is assumed to be a sink from which the DPP energy is dissipated. This paper
calculates the creation probability /2 of the DPP at this sink. It should be pointed out that each site

inthe T,(n) has four nearest-neighbor sites located along the +x-,and ) -axes originated from

the embedded square lattice. This means that the DPP energy transfers from/to these four sites.

DPP energy dissipation
along y-axis

SUELILITLL

000000000 0=
00000000 O
“0 000006 0=
-‘.oo@o*.-'—

Apex angle = 90 degree
'

PP ese0e= | DPP energy dissipation
nput si [ = ;
puL-sigria g i B along x-axis
=0 @ 0=
-0 o= y
@ L
Number of the sites on the base = n X

00000
0c0e00
_____, oe@eoO
000800
oo000

Number of the nearest neighbor sites = 4

Fig. 1 A right-angled isosceles triangle T (n), in which a part of a square lattice is embedded.

Three parameters are used for the calculation:

(1) Mathematical parameter & :

To cover a broader range of mathematical discussions based on the QW model, a phase angle & is

introduced to the real-valued unitary matrix in eq. (6) of ref. [2]:

2



e J oy
U=|J ¢ y (1)
X X &
Asaresult, U is replaced by a complex-valued matrix
U(g) = exp(ic)U . ()

Here, & is regarded as a mathematical parameter.

(2) Physical parameter y/J:

Since the quantities </ and ¥ ineq. (1) represent the energies of the DP-hopping to the adjacent
NP (an atom in the fiber probe) and of the DP—phonon interaction, respectively, their ratio y/J is

regarded as a physical parameter. The value of y/J may be fixed to 1 for simplicity, as was
recommended in ref. [2]. However, to cover a broader range of physical discussions, the present paper
employs a wider range of values, i.e., 0.1< ¥ /J £10.

(3) Parameter 72 for numerical calculation:

The total number of sites increases as the number 72 of sites on the base of the T, (n) increases.

Since this increase can improve the accuracy of approximating the fiber probe by the T, (n), 7 is
regarded as a parameter for the numerical calculation.

The probability 2 is numerically calculated by substituting several values of & and

/! J intoegs. (1) and (2). The parameter 72 was fixed to 5 — 61 due to the limit of the computation

time.

Two cases are dealt with: One is the case in which the DPP energy does not dissipate from the

slope of the T, (n). The other is the case in which the DPP energy dissipates. For the former case, the

tempo-spatial evolution equation at the slope is given by eq. (12a) in ref. [2], which is



- _ $~7 $-7 $,~0
Wt+1,(x,y) - GP— l//t,(x,y) + P— (//t,(x+1,y) + PO l//t,(x,y) . (3)

Here, the matrix O represents the DPP energy reflection at the slope. For the latter, the equation,
given by eq. (10b) in ref. [2], is

-0 _ pe-e o - o — o
Ve =B Wiy TPV oy TRV (- “4)

3. Dependence on number of sites

Figure 2 shows an example of the calculated temporal behavior of the value of 2 . After the input

signals are applied to all the sites on the base of the T,(n) simultaneously, the value of P

increases with time and reaches a stationary value. Recent QW theoretical studies have found that the

temporal behavior of the value of /2 on a complete graph exhibits pulsation prior to converging to

the stationary value [4]. They have also found that the pulsation interval T , 1sproportional to 7z~/2N .

Furthermore, the time 7, required to converge to the stationary value is proportional to NlogN .

Here, N is the total number of sites in a lattice, that is equal to n(n+1)/2 in the case of the RIT
lattice. The profile of the curve in Fig. 2 qualitatively agrees with the results of these theoretical studies.

The present paper discusses the dependence of the stationary value of /2 on the parameters in egs.

(1) -(4).

6x103

o 100 200
Time (a.u.)

Fig. 2 An example of the calculated temporal behavior of the value of 2 .

Figure 3 shows the external forms and cross-sectional structures of fiber probes [5]. The DPP
energy dissipates from the taper of the fiber probe. This corresponds to radiating scattered light from
4



the taper. In order to avoid this radiation, an opaque metallic film is coated on the taper to realize a
high-efficiency fiber probe (Fig. 3(a)). This is the prototype of devices that are now popularly used.
Figure 3(b) is a basic fiber probe without a metallic film coating, resulting in DPP energy dissipation
from the taper. This is a primitive device that was used only in the early stages of DP science.

Corresponding to Figs. 3(a) and (b), numerical calculations are carried out for the two cases below.

Taper

/| Metallic film

(a) (b)

Fig. 3 External forms and cross-sectional structures of the fiber probes.

(a) A high-efficiency fiber probe with an opaque metallic film on the taper. (b) A basic fiber probe.

Case 1: Without DPP energy dissipation

Figure 4 shows the calculated results of the dependence of the probability / on the parameters &
and y/J.The parameter 7 was fixed to 5, 11,21, 31, 41, 51, and 61 in Figs. 4(a)-(g). The values
of P at y/J=1 (as was recommended in ref. [2]) are extracted from these figures, and their
dependences on & are shown in Figs. 5(a) — (g). The curves in these figures show a lot of bumps
that are attributed to interference in the T, (n) originating from reflection at the slope.

Figure 5 shows that the value of 2 takes the maximum P_ at & =67.5 degree. This value

max

of & isequal to (3/8) 77 . The reason why the rational number 3/8 appears here should be studied in



the future. Figure 6 shows the dependence of this maximum P . on 7 . This figure shows that P,

max max

asymptotically approaches a constant value of 3x 10! as » increases, from which it was confirmed

that a sufficiently high accuracy of approximation for the numerical calculation was obtained when

n>51. Figure 7 shows the dependence of the ratio between the maximum £__ and the minimum

max

P (of the curves in Fig. 5) on 72 . The ratio in this figure also shows an asymptotic approach to a

constant value, from which it was confirmed again that sufficiently high accuracy was obtained when

n=s1.
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Fig.4 Dependence of P on f and } /' J in the case without DPP energy dissipation.

N is5(a), 11 (b), 21 (c), 31 (d), 41 (e), 51 (f), and 61 (g).
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Case 2: With DPP energy dissipation



Figure 8 shows the calculated results of the dependence of /2 on & and y/J.In Figs. 8(a)-(g),

n isfixedto 5, 11, 21, 31, 41, 51, and 61. Crescent-shaped red belts are seen in the upper right parts

of these figures, in which the value of P is very large in comparison with those outside the red belts.
It takes the maximum value at the position []. The origin of these red belts is attributed to intrinsic

properties of the QW or dispersive features of the phonon energy. The values of /2 show irregular

variations and abrupt increases in the red belts and at their rims. The value of y/J at [ increases
with the increases of 72, as is shown by Fig. 9. It increases to ¥ /J >>1, which means that the value

of P at y/J=1 (aswasrecommended in ref.[2]) does not vary irregularly with & .

10! 10°
- = 10 S 107 t
101 .10 =
¢ (degree) £ (degree) ¢ (degree) ¢ (degree)
(a) (b) (c) (d)
101 0024
- 100 o
R - 0008
10'1 o 0000
0 45 90
¢ (degree) ¢ (degree) ¢ (degree)
(e) (f) (9)

Fig.8 Dependence of P on é: and Y /' J in the case with DPP energy dissipation.

I is 5 (a), 11 (b), 21 (c), 31 (d), 41 (e), 51, (f), and 61 (d).[J is the position for P, in the red belt.
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Fig. 9 Dependence of ¥ /.J on 7 atthe position [] in Fig. 8.
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Fig. 10 Dependence of P on 6 at }{/le.

N is5(a), 11 (b), 21 (c), 31 (d), 41 (), 51, (f), and 61 (d).
The value of £ at the area isolated from the red belt is now evaluated for studying its regular

and smooth variations. For this evaluation, y/J is fixed to 1 (as was recommended in ref. [2]), and

the dependence of on & and 7 is derived as shown by Fig. 10. In contrast to Fig. 5, no bumps

are seen on the curves in this figure, which indicates that no interference takes place in the RIT lattice.

This is due to the absence of reflection at the slope.

Asin Case 1, the value of / in Fig. 10 takes the maximum P__ at & =67.5 degree. Figure
9



11 shows the dependence of P on n. This figure shows that the value of P __ asymptotically

max

approaches a constant value as 7 increases, from which it was confirmed that sufficiently high

accuracy of approximation was obtained when 7 >51, as in Case 1 above. The value of P__ was 3

max

%1073 for n>51, which is 107 times that in Fig. 6. This indicates that it is effective to suppress DPP
energy dissipation (Case 1) at the slope of the RIT lattice to increase the probability of DPP creation.
This indication is compatible with experimental results in which the taper of a fiber probe is coated
with an opaque metallic film to suppress dissipation and to increase the DPP creation efficiency at the
tip of the fiber probe (refer to Fig. 3(a)).

100

101
P

max [ ]
102 | . e

103 L 1 I 1 1 1

Fig. 11 Dependence of the maximum P on 7.

Figure 12 shows the dependence of the ratio between the maximum P, and the minimum

max

P .. (of'the curves in Fig. 10) on 72 . The curve in this figure also shows an asymptotic approach to

a constant value, from which it was confirmed that sufficiently high accuracy was obtained when 7 >
51.

=

ON DB ON
LI

|Og (Pmax/Pmin)

Fig. 12 Dependence of the ratio between the maximum £ and minimum P_. on 7.

4. Dependence on apex angle of fiber probe

10



Experimental studies have found that the value of /2 was smaller for smaller apex angles [6].

Unlike the 90 degree apex angle of the T, (n) in Section 3, this section deals with a triangle with a

smaller apex angle, i.e., an equilateral triangle T, (n) (apex angle of 60 degrees), as an example, as

is shown in Fig. 13. The calculated results are compared with those in Section 3.

o}
e _eo
S =
T ——" o ® o
e o
° ®,°
o}

Number of the nearest neighbor sites = 6

Number of the sites on the base = n

Fig. 13 An equilateral triangle T (7), in which a part of a triangular lattice is embedded.

Being different from the T, (n), each site in the T, (n) in Fig. 13 has six nearest-neighbor

sites located along the directions of the €™ °x-, e™°x-, and *V -axes originated from the

embedded triangular lattice. The DPP energy transfers from/to these six sites. By noting the number

of these nearest-neighbor sites, the tempo-spatial evolution equation for the T,(n) was derived by

modifying that for the T, (n), and the probabilities /2 were calculated for the cases without and

with DPP energy dissipation.

Case 1: Without DPP energy dissipation
11



Figure 14 shows the dependence of /2 on ¢ and on y/J. Figure 15 shows the dependence of

P inFig. 14 on & at y/J=1. A lot of bumps are seen on the curves in this figure, which are
attributed to interference in the triangular lattice, originating from the reflection at the slope, as were

seen in Fig. 5. It was confirmed that these curves are symmetrical about &=60 degree. Furthermore,

the value of P in these figures takes the maximum P__ at & =60 degree (= (1 / 3) ).

max
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2 100
X
101 = :
0 45 90
¢ (degree) ¢ (degree)
(c)

101 -
I 100 .
X 5
M EEEEEEEE » ® ]
7 45 90 0 45 90
& (degree) ¢ (degree) ¢ (degree)
(d) (e) (f)

Fig. 14 Dependence of P on & and y/J in the case with DPP energy dissipation.

(a) n=5,(b) 11, (c)21,(d) 31, (e) 41, and (f) 51.

Figure 16 shows the dependence of P__ on 7, in which the value at n=61 was not

max

obtained due to the upper limit of the computation time. This figure shows that the value of P,

asymptotically approaches a constant value as 7 increases, from which it was confirmed that

sufficiently high accuracy of approximation was obtained when 7n> 51. Figure 17 shows the

12



dependence of the ratio between the maximum P

max

and the minimum P

(of the curves in Fig.

min

15) on 71 . The ratio in this figure also shows an asymptotic approach to a constant value, from which

it was confirmed again that sufficiently high accuracy of approximation was obtained when »n>51.
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Fig. 15 Dependence of /2 on & at y/J =l inFig. 14.

(a) n=5,(b) 11, (c) 21, (d) 31, (e) 41, and (f) 51.
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Fig. 17 Dependence of the ratio between the maximum P__ and minimum P on 7 in Fig. 15.

max min

It is found that the value of P__ in Fig. 16 is 1x 102 for n>51, which is smaller than the

max

value 3x 107! in Fig. 6. This smaller value indicates that the efficiency of DPP creation is lower for a
smaller apex angle of the fiber probe, which is in agreement with the experimental results [6], as was

described at the beginning of this section.

Case 2: With DPP energy dissipation

Figure 18 shows the dependence of /2 on & andon }/J.Ared belt is seen in this figure, as was

the case in Fig. 8, in which the value of £ is very large in comparison with those outside the belts.

The value of P is integrated over the range 0< & <90.0 degree, and Fig. 19 shows the dependence
of y/J on n at which the integrated value of P takes the maximum in the red belt, indicating
that y/J takes a constant value as 7 increases. Furthermore, this value of ¥ /J is larger than 2,

which means that the value of P at y/J =1 (as was recommended in ref. [2]) does not suffer any

effects from the red belt.
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Fig. 18 Dependence of P on & and y/J in the case with DPP energy dissipation.

(a) n=5,(b) 11, (c)21,(d) 31, (e) 41, and (f) 51.

x/J
N
T

1 | 1 L l 1
0 10 20 30 40 50 60
n

Fig. 19 Dependence of y/J on 1 at which the integrated value of P takes the maximum value in the red belt in

Fig. 18.

Figure 20 shows the dependence of /2 on ¢ atthe position y/J =1 in Fig. 18. No bump

on the curves is seen in this figure, which indicates that no interference takes place in the T{E}(n), as

was the case in Fig. 10. It was confirmed that these curves were symmetrical about &=60 degree, as

was the case in Fig.15. Furthermore, the value of /2 in these figures takes the maximum P__ at

max

£ =60 degree (= (1 / 3) 7). Figure 21 shows the dependence of P on n. This figure shows that the

max

value of P__ asymptotically approaches a constant value as 7 increases, from which it was

confirmed that sufficiently high accuracy of approximation for the numerical calculation was obtained

when 7 >51, as was the case in Fig. 16. The value of P, was 1x 107 for n>51, which is 10!

times that in Fig. 16. This indicates that it is effective to suppress DPP energy dissipation (Case 1) at

the slope ofthe T, (n) to increase the probability of DPP creation, as was described in Section 3. This

indication is in agreement with the experimental results.

15
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Figure 22 shows the dependence of the ratio between the maximum P

P .. (of the curves in Fig. 20) on 72 . The curve in this figure also shows an asymptotic approach to

a constant value, from which it was confirmed again that sufficiently high accuracy was obtained when

n=>51.

It is found that the value of P,

max

value 3x107 in Fig. 11. As with the discussion in Case 1, this smaller value indicates that the efficiency
of DPP creation is lower for a smaller apex angle of the fiber probe, which is in agreement with the

experimental results.
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Fig. 20 Dependence of /2 on & at the position at y /J =1 in Fig. 18.

(a) n=5,(b) 11, (c) 21, (d) 31, (e) 41, () 51.
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5. Summary

To calculate the probability of DPP creation on the tip of a fiber probe on the basis of a QW model,
the profile of the fiber probe was approximated by a two-dimensional right-angled isosceles triangle

Ty (n) and an equilateral triangle T,(n). The calculations were carried out for cases without and

with DPP energy dissipation at the slope of the triangular lattice. In both cases, the calculated

maximum probability P__ converged to a constant value when 7n =51, where n is the number

max

n of the sites on the base of the triangle. This indicates that sufficiently high accuracy of the
approximation above was obtained when n >51.

Table 1 summarizes the calculated values of P __ for the physical parameter y/J=1.

This table shows that the value without DPP energy dissipation is larger than that with DPP energy

dissipation, which is in agreement with experimental results. Furthermore, the value is larger for the

Ty (n) (an apex angle of 90 degree) than that for the T,(n) (an apex angle of 60 degree), which is

also in agreement with experimental results.

Table 1 Calculated values of P for y/J=1.

max

Right-angled isosceles triangle T (7) Equilateral triangle T, (n)
Without DPP energy dissipation 3x107! 1x1072
With DPP energy dissipation 3x107 1x1073
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Abstract

To study the probability of a dressed-photon—phonon (DPP) created on the tip of a fiber probe based on a quantum walk
(QW) model, the creation probability of the DPP at the apex of a two-dimensional triangular lattice is numerically
calculated by substituting several values of mathematical (&) and physical ( y /J ) parameters. Two cases are dealt with:
One is the case in which the DPP energy does not dissipate from the slope of the triangular lattice; and the other is the

case in which the DPP energy dissipates. It is found that the optimum value of &£ is 67.5 degree, and the value of y/J

can be fixed to 1. The calculated temporal behaviors agree with the results derived by QW theory.
1. Introduction

A dressed photon (DP) is a quantum field that is created as the result of an interaction between photons
and excitons (pairs consisting of electrons and positive holes) in a nanometer-sized particle (NP). It
localizes on the NP and its size is much smaller than the wavelength of light. It is an off-shell field
because its momentum has a large uncertainty originating from its sub-wavelength size [1,2].
Conventional on-shell scientific theories cannot be used to analyze this field because no thorough
studies of this light-matter interaction have been made in the long history of on-shell science.
Fortunately, however, studies of this interaction in off-shell science have commenced recently,
resulting in a precise description of the mechanism of DP creation [3,4].

After the DP is created on a NP, it hops to adjacent NPs. During this hopping, the DP excites
a crystal lattice vibration, resulting in the creation of a phonon. The created phonon interacts with the
DP to form a new state of the DP, which is called a dressed-photon—phonon (DPP) [5]. The DPP
energy transfers through adjacent NPs. Although the tempo-spatial behavior of this transfer has been
experimentally evaluated, it has not been fully described by conventional theories of a random walk
process [6]. In order to describe the behavior, a quantum walk (QW) model was recently employed,
allowing the unique properties of the DPP to be analyzed [7].

In this article, the probability of DPP creation on the tip of a fiber probe is numerically

calculated based on the QW model, and the results are compared with experimental results.



2. Purpose and method

The present calculations are based on a two-dimensional QW model for simplicity. Figure 1(a) shows
a right-angled isosceles triangular lattice that approximates the profile of the fiber probe. Figure 1(b)
schematically explains that, by applying input signals to all the sites on the base of the triangular
lattice, DPs are created and transferred to the adjacent sites. During this transfer, DPPs are created by
the DP—phonon interaction. These DPPs transfer through the triangular lattice and finally reach its
apex (the tip of the fiber probe). This apex is assumed to be a sink from which the DPP energy is
dissipated. This article calculates the creation probability P of the DPP at this sink.

DPP energy dissipation along y-axis

; JuL
..... (E R NN NN NN_ 2
et T
............. -’lg (A RN NN 2 . i ) .
N Input signal along x-axis i DPP energy dissipation along x-axis
....'................ I t ) 1 I . 4’ [ ] : ::
/' nput signal along y-axis - %
n=11 -

L.
(a) (b)

Fig. 1 A two-dimensional right-angled isosceles triangular lattice.
(a) The case of 1 =11. (b) The lattice illustrated after rotating that in (a) by 45 degree for convenience of the numerical

calculation.

Three parameters are used for the calculation:
(1) Mathematical parameter & :
To cover a broader range of mathematical discussions based on the QW model, a phase angle & is

introduced to the real-valued matrix in eq. (6) of ref. [7]:

e, J gy
J e xl. (1)
X X &
Asaresult, U is replaced by a complex-valued matrix
U(¢) = exp(ig)U . 2)
Here, & is regarded as a mathematical parameter.
(2) Physical parameter y/J:
Since the quantities .7 and » in eq. (1) represent the energies of the DP-hopping to the adjacent
NP (an atom in the fiber probe) and of the DP—phonon interaction, respectively, their ratio y/J is

regarded as a physical parameter. The value of y/J may be fixed to 1 for simplicity, as was



recommended in ref. [7]. However, to cover a broader range of physical discussions, the present article
employs a wider range of values, i.e., 0.1< y/J <10.

(3) Parameter 7 for numerical calculation:

The total number of sites increases as the number 7 of sites on the base of the triangular lattice
increases. Since this increase can improve the accuracy of approximating the fiber probe by the
triangular lattice, 7 is regarded as a parameter for the numerical calculation.

The probability P is numerically calculated by substituting several values of & and
y/J intoegs. (1) and (2).

Section 3 deals with two cases: One is the case in which the DPP energy does not dissipate
from the slope of the triangular lattice. The other is the case in which the DPP energy dissipates. For
the former case, the tempo-spatial evolution equation at the slope is given by eq. (12a) in ref. [7],
which is

=& _ 3,-1 $.-1 0,0
Vi (ey) = oP Vit P Vi nant I Vi (3)

Here, the matrix o represents the DPP energy reflection at the slope. For the latter, the equation,

given by eq. (10b) in ref. [7], is
Wﬁl,(x,}z) = P—{-Ql/;ix,}7—l) + Pj:lﬁf(ic,y-%—l) + E)Qy?t?x,y) ° (4)

3. Results and discussion

After the input signals are applied to all the sites on the base of the triangular lattice simultaneously,
the value of P increases with time and reaches a stationary value. Subsection 3.1 discusses the
dependence of the stationary value of P on the parameters in egs. (1) to (3) in Section 2. Subsection

3.2 presents temporal behaviors of P prior to converging to the stationary value.
3.1 Dependences of the probability on mathematical and physical parameters

Figure 2 shows the external forms and cross-sectional structures of fiber probes [8]. The DPP energy
dissipates from the taper of the fiber probe. This corresponds to radiating scattered light from the taper.
In order to avoid this radiation, an opaque metallic film is formed on the taper (Fig. 2(a)) to realize a
high-efficiency fiber probe. This is the prototype of devices that are now popularly used. Figure 2(b)
is a basic fiber probe without a metallic film coating, resulting in DPP energy dissipation from the
taper. This is a primitive device that was used only in the early stages of DP science. Figures 2(c) and
(d) are for advanced devices, i.e., asymmetric and triple-tapered fiber probes, respectively, for future
numerical calculations (cf. Section 4). Corresponding to Figs. 2(a) and (b), numerical calculations are

carried out for the two cases presented in Section 2.



Taper Taper
= w&tallic film -

Fig. 2 External forms and cross-sectional structures of the fiber probes.
(a) A high-efficiency fiber probe with an opaque metallic film on the taper. (b) A basic fiber probe. (c) An asymmetric
fiber probe. (d) A triple-tapered fiber probe.

Case 1: Without DPP energy dissipation

Figure 3 shows the calculated results of the dependence of the probability P on the parameters &
and y/J.The parameter 7 was fixed to 5, 11, 21, and 41 in Figs. 3(a)-(d). The values of P at
¥/ J=1 are extracted from these figures, and their dependences on & are shown in Figs. 4(a) — (d).
The curves in these figures show a lot of bumps that are attributed to interference in the triangular
lattice originating from reflection at the slope. The interval between the adjacent bumps (indicated by
horizontal double arrows) decreases as 72 increases, as is shown by Fig. 5. These decreases indicate
that the magnitude of the interference decreases with an increase in the size of the triangular lattice.
Since this interference had not been experimentally observed, the present calculation results are quite

reasonable.

Figure 4 shows that the value of P takes the maximum P, at &=67.5 degree. This value of

& s equal to (3/8) . The reason why the rational number 3/8 appears here should be studied in the
future. Figure 6 shows the dependence of this maximum P__ on # . Itis found from this figure that

the maximum P__ increases roughly monotonically with the increase of # . This means that the
DPP energy is effectively confined in the triangular lattice due to reflection at the slope, which agrees
with the characteristics of the actual high-efficiency fiber probe in Fig. 2(a). However, the values
deviate from this monotonic increase in the range 7 <21, which may be due to interference inside the

triangle.
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Figure 7 shows the ratio between the maximum P__ and minimum P_  of the curves in Figs.

4(a) — (d). The ratio monotonically decreases with the increases of 7. This decrease also indicates
that the effects of reflection and interference become less conspicuous, which means that the present

calculation results agree with the experimental results.
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Case 2: With DPP energy dissipation

Figure 8 shows the calculated results of the dependence of P on & and y/J. In Figs. 8(a)-(d),

n is fixed to 5, 11, 21, and 41. Crescent-shaped red belts are seen in the upper right parts of these

figures, in which the value of P is very large in comparison with those outside the red belts. It takes

the maximum value at the position [] at & =90 degree. The origin of these red belts is attributed to
6



intrinsic properties of the QW or dispersive features of the phonon energy. The values of P show
irregular variations and abrupt increases in the red belts and at their rims. The value of y/J at [J
increases with the increases of 72, as is shown by Fig. 9. It increases to y/J > 1, which means that
the value of P at y/J =1 (as was recommended in ref.[7]) does not vary irregularly with & . For
reference, the value of P at y/J =5 takes the maximum at the position O in Fig. 8. The value of
& at this position O irregularly varies with the increase of 71, as is shown by Fig. 10. A possible
reason for this irregularity is that the red belt passes through the horizontal line y/J=5 in Fig. 8

when 7 wvaries from 11 to 41.
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Fig.8 Dependence of P on 5 and Y /' J in the case with DPP energy dissipation.
n is5(a), 11 (b), 21 (c), and 41 (d). A and O on the horizontal line of ¥ / J =1 and 5, respectively, represent the

position at which P takes the maximum P . [ is the position for P in the red belt.
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Fig. 9 Dependence of the value of } /J atthe position [ in Fig.8on 7.
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n is5(a), 11 (b), 21 (c), and 41 (d).

The value of P at the area isolated from the red belt is now evaluated for studying its regular
and smooth variations. For this evaluation, ¥ /J is fixed to 1 (as was recommended in ref. [7]), and
the dependence of P on & and 7 is derived as shown by Fig. 11. In contrast to Fig. 4, no bumps
are seen on the curves in this figure, which indicates that no interference takes place in the triangular

lattice. This is due to the absence of reflection at the slope and indicates that the present calculation
results agree with the experimental results for the basic fiber probe in Fig. 2(b).

As in Case 1, the value of P in Fig. 11 takes the maximum

P at &=67.5 degree (also at

0 degree), being independent of 7. Figure 12 shows the dependence of the maximum

I)max at 5



=67.5 degree (and also at 0 degrees, for reference) on the value 7 . In contrast to Fig. 6, this figure
shows that the maximum P __ decreases nearly monotonically with the increase of 7 . This is

because the magnitude of the energy dissipation on the slope of the triangular lattice increases with the
increase of 7. However, the maximum P __ does not decrease drastically even though the value of
n varies from 5 to 41. This indicates that a sufficiently high-energy DPP reaches the tip of the fiber
probe even though the DPP energy dissipates from the slope. This is advantageous for practical

applications.
Figure 13 shows the ratio between the maximum P__ and minimum P__ of each curve of

Fig. 11. In contrast to Fig. 7, the ratio increases with the increase of 7. Here, it should be noted that
the values at 7 =21 deviates from the monotonically decreasing and increasing sequential lines in
Figs. 12 and 13, respectively. In addition, the value of the ratio in Fig. 13 is much smaller than that in

Fig. 7. Further discussions on Figs. 12 and 13 are required to compare them with Figs. 6 and 7.
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From the results and discussions for Case 1 and Case 2 above, the optimum value of the
parameter & was found to be 67.5 degree, being independent of 7 . Furthermore, it was found that
the value of the parameter }/J can be fixed to 1, as was recommended in ref. [7]. It is expected that
this value can be used even when the value of 7 is increased to n>41 to increase the accuracy of

approximating the fiber probe.



3.2. Temporal behaviors

Recent QW theoretical studies have found that the temporal behavior of the value of P exhibits
pulsation prior to converging to the stationary value [9]. They have also found that the pulsation

interval I, is proportional to z+/2N . Furthermore, the time 7, required to converge to the

stationary value is proportional to N1og N . Here, ~(=n(n+1)/2) is the total number of sites in the

triangle. Figure 14 shows an example of the temporal behavior of the value of P derived by the
present calculations. The horizontal axis represents time. Figures 15 (a) and (b) show the values of T,

and T, ,respectively, calculated for Case 2. The horizontal axes represent the total number N of sites.

The theoretical values above are represented by the curve A that monotonically increases with the
increase of N . The curve B is the calculated result for ¥ /J=1. The curves C to E represent the

calculated results for ¥ /J =5, in which the values of T, , and T increase with the increase of n,

without exhibiting any irregular variations. This means that they do not suffer any effects from the red
belt in Fig. 8, which is advantageous for comparing the results with the curve A.

By comparing the curves B to E with curve A, it can be concluded that the calculated temporal
behaviors agree with the results derived by the QW theory, from which the validity of the present

calculation is confirmed.

P 1x102

6x10-8

o 100 200
Time (a.u.)

Fig. 14 An example of the calculated temporal behavior of the value of P .

The horizontal axis is proportional to time.
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15 231 E 861
66

Fig. 15 Calculated values of the pulsation interval I, , (@ and the time 7 (b) required to converge to the stationary

value.
The horizontal axis represents the total number N of sites in the triangular lattice. Curve A represents the theoretical
values. Curve B represents the calculated values for Y / J =1. Curves C to E are the calculated values for X /J=5 (at

f =30, 60, and 90 degrees, respectively).
4. Summary

The present calculations successfully reproduced the DPP creation phenomena at the tip of a
fiber probe. In particular, it was found that the value of the mathematical (&) and physical (¥ /J)
parameters could be fixed to 67.5 degree and 1, respectively, being independent of the parameter (7)
for numerical calculation. It is expected that these values can be used to calculate the probability of
the DPP creation at the tip of advanced high-throughput fiber probes, such as the asymmetric and
triple-tapered fiber probes in Figs. 2(c) and (d), respectively. The calculated temporal behaviors agree
with the results derived by the QW theory. It is expected that design criteria for novel fiber probes will

be established in the near future based on the results of these calculations.
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Abstract

This article, first, proposes a new approach to quantum fields in terms of category algebras and states on categories.
Quantum fields and their states are respectively defined as category algebras and states on causal categories with partial
involution structures. It is pointed out that, by utilizing category algebra and states on categories, relativity and quantumness
can be directly integrated as a category theoretic structure and as a noncommutative probabilistic structure, respectively.
Second, based on a Clebsch dual field theoretical model, it is made clear that a dressed photon (DP) field originates from
a transition of the spacelike momentum of the Majorana field to a timelike one. This model derives a maximum size of the
DP that has already been found by experimental studies. It is pointed out that, in the case where the paired timelike
Majorana particle and anti-particle have anti-parallel spins, the pair annihilation creates a DP with a spin 0. The light
converted from this DP can be a unique light field with spin 0, which behaves as a particle. It is experimentally confirmed
that a cluster of photons emitted from an Si-LED behave as such a particle. Finally, a quantum walk model is employed to
analyze the experimentally confirmed phenomena of DP energy transfer between nano-particles. Its theoretical bases are

described based on the theory of category.
1. Introduction

It has been known that the dressed photon (DP) is a quantum field created as the result of the light—
matter interaction that is induced by irradiating a nanometer-sized particle (NP) with light [1]. Thus,
an interacting quantum field must be studied for constructing an accurate theorical model for the DP.
However, the existence of a nontrivial interacting quantum field model defined on a four-dimensional
Minkowski spacetime has not yet been proven. Axiomatic approaches to quantum field theories have
derived many fundamental theorems, including the Haag theorem [2,3]. It is a no-go theorem, implying
that an "interaction picture exists only if there is no interaction", through clarification of the concept
of a quantum field [4,5]. To put it roughly, we cannot go beyond the theories for free fields if we stick
to the axioms for conventional quantum field theories.

Intensive discussions on the theoretical methods based on classical Clebsch dual (CD) fields
have been made in order to go beyond free fields, and a possible mechanism of DP creation has been
made clear recently. These discussions have also succeeded in describing several experimental results
by quantizing the DP energy [6]. Furthermore, a quantum walk (QW) model has been employed to
analyze the spatio-temporal behaviors of the DP energy transfer.
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Section 2 reviews the progress in theoretical studies based on category algebras, which serve
as the bases of studying the DP [7-9]. Section 3 reviews the mechanism of DP creation based on CD
fields. Section 4 reviews the relation between the QW model and the topics in Sections 2 and 3. Section

5 summarizes the discussions in this article.

2. Approaches based on category algebras

A new approach to quantum fields is proposed here to go beyond the free fields mentioned in the
previous section [7-9]. The core idea is to deal with quantum fields in terms of noncommutative
category algebra over a rig (ring without negatives). It is an algebraic system equipped with addition
and multiplication, where the category and the rig correspond to the relativity aspect and the quantum
aspect of nature, respectively. By utilizing category algebra and states on categories instead of simply
considering categories, the two aspects above can be directly integrated as a category theoretic
structure and as a noncommutative probabilistic structure, respectively. Through this integration, it is

expected that quantum fields can be understood as the most fundamental entities in modern physics.

2.1 Treating relativity

Since the essence of relativity is nothing but the structure of possible relationships between possible
events, what really matters are causal relationships [10]. For these relationships, there is an interesting
order-theoretic approach to spacetime (for example, the causal set approach [11]). Furthermore, to deal
with the off-shell nature of quantum fields, which seems to be essential in modelling interacting fields
in space-time, one needs to take into consideration not only causal relationships but also more general
relationships between spacelike events.

The strategy proposed here is to use a category C, which is a generalization of both ordered
sets (causality structures) and groups (symmetry structures), as relativity in a generalized sense.
More concretely, the notion of causal category equipped with a partial involution structure is identified

as the generalized relativity structure.

2.2 Treating quantum fields

To combine the relativity structure above with quantum theory (which can be modelled by
noncommutative rigs, effectively by noncommutative algebras over C), noncommutative algebras are
required to reflect the structures of categories. Category algebras are just such algebras. They are
generalized group algebras because categories are generalized groups.

Importantly, the category algebras can be considered as generalized matrix algebras over R
as well as generalized polynomial algebras [9], which provides a platform for concrete and flexible
studies and calculations. The category algebras have rich structure as covariance and local structure of
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subalgebras that reflect the causal and partial involution structure of the category. By focusing on these
structures, one can also see the conceptual relationship between the present approach and the preceding
approaches, such as algebraic quantum field theory [12,13] and topological quantum field theory
[14,15].

After a quantum field is identified as a category algebra over a rig, the next problem is how
to define a state of it. In general, the notion of state on *-algebra over C is defined as a positive
normalized linear functional. The states on category algebras are called states on categories. More
generally, defining a state on category (whose support is contained in a subcategory with finite
numbers of objects) is equivalent to defining the corresponding function that assigns the weight to
each arrow. By considering such states, a quantum mechanical system can be seen as an aspect of the
quantum field.

For the study of quantum fields, a localized notion of state or a local state [16,17] is a key
concept. The counterpart of the notion can be defined as the system of states on certain subalgebras of

category algebras, called local algebras.
3 A novel theoretical model for dealing with interaction and longitudinal mode

As was pointed out at the beginning of Section 1, the DP is a localized quantum field whose size is
much smaller than the wavelength of light. That is to say, the DP originates from an off-shell
electromagnetic field. Furthermore, it should be pointed out that this field is associated with the
longitudinal Coulomb mode, which plays an important role in light-matter interaction [6,18].

On the other hand, conventional propagating light is an on-shell electromagnetic field that can
be observed in a macroscopic-sized region. It belongs to the visible sector and corresponds to a
transverse mode photon. Conventional quantum electrodynamics have treated this mode, while the
longitudinal mode has been excluded as an unphysical quantity. However, Ojima re-examined the
quantization processes of the electromagnetic field and found that the longitudinal mode had to be
included as a physically indispensable non-particle mode that plays an essential role in electromagnetic
interaction [19,20]. This section reviews the novel theory constructed to deal with the interaction and

the longitudinal mode [6].
3.1 Requiring spacelike momenta

Such a novel theory has to meet the requirement that has been stated by the Greenberg-Robinson (GR)
theorem [21,22]. This theorem has been used to distinguish nonlinear field interactions from the free
time evolutions of non-interacting modes. It states that if the Fourier transform ¢(p)

#(x) (pand x

p, with p,p” <0 (the sign convention of the Lorentzian metric
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signature (+---) is employed), then @(x) is a generalized free field. Although spacelike momenta

are often associated with tachyons breaking Einstein causality, it is known that there exist certain types
of causal motions having spacelike momenta.
The arguments above have revealed that spacelike momenta must be considered, while the

classical longitudinal mode is closely related to virtual photons as the mediator of the longitudinal

Coulomb force. More concretely, if the field is represented by a four-dimensional momentum p*,
the GR theorem claims that not only the timelike and lightlike momenta ( p, p* > 0) but also the

spacelike momenta ( p, p* < 0) are required for the interaction,.

Furthermore, the Haag theorem in Section 1 has claimed that such an interacting field (i.e.,
the Heisenberg field [23]) cannot be analytically connected to the propagating linear wave with unitary
time evolution. Thus, it is a “no-go theorem” for the theoretical description of “interaction”. In other

words, no theories for “interaction” have ever existed so far.
3.2 Augmented electromagnetic theory for connecting to the spacelike region

The Maxwell equations can be expanded to the spacelike momentum region by using the CD field
because this can introduce the longitudinal mode into the electromagnetic theoretical formulation. By
this expansion, the conventional Maxwell equations can be analytically connected to the spacelike
momentum region, and the longitudinal mode can be dealt with.

The lightlike CD field is represented by [1,6,18]:

T”V:SMSV":,DC#CV, (1a)

GVTﬂV =0, (1b)
and

p=LL <0, (1c)

where S is the field strength. C ., and L, are gradient vectors of the Clebsch variables that are

introduced by
oI,=F,0,F°=F,(-0°0,4"+0"(0,47))=0, (2a)
$p=0,4, 0°0.4=0, C,=0,9, (2b)



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

and
v,=4C,, §,=0U,-0U,=LC, -C,L,. (2d)
It should be noted that the term 0_A° in the Lagrangian
[*=L+L  =—LF F”V—l(a A (3a)
GF 4 uv 2 v s
and
(-0, F" +0"(0,4°))04, =0, (3b)

introduced by Fermi, is identical to egs. (2a) ~(2d) if F,,,0"(0,4”)=0. That is, this term is identical

to the classical longitudinal mode that follows the energy—momentum conservation law. Here, by

referring to the Nakanishi-Lautrup (NL) formalism on the covariant quantization of the

electromagnetic field [20], L. ineq. (3a) is expressed as

2
Ly = Bo, A" + “f , (4a)
0,4" +aB=0, (4b)
and
0°0.B=0. (4¢)

Since eqgs. (3a) and (3b) above can be derived by setting « =11n egs. (4a) and (4b), the Feynman

gauge given by the NL formalism claims that 0, 4" in egs. (3a) and (3b) represents the longitudinal

mode.
If the four-dimensional vector potential U, is re-defined by
1
Uﬂ :E(ﬂ'c,u _¢Ly) ’ (5a)
0°0.1—(x,)’A=0, (5b)
0°0,¢-(x,)’$ =0, (62)
and



C’L =0 (6b)
for expanding the electromagnetic field from the lightlike to spacelike region, the spacelike U, with
U'U, <0 satisfies the equation U'0,U, =0 that represents motion along a geodesic. Furthermore,

the energy—momentum tensor é; , following the conservation law 8‘/@; =0, satisfies

AV AVO' 1 AO{ v

G, ==S. +5 5058, (7a)
and

S7=S,8". (7b)

They are isomorphic to the Einstein equation of eqgs. (8a) and (8b) below that are represented by the

Riemann curvature tensor R :

G, =«T,, (8a)
and
14 Vo 1 Qa, v
G, =-RY +5Ra,’f g (8b)

By noting the relation between eqs. (7) and (8), and the “quantized space-time” introduced by Snyder

[24], and furthermore, by noting the momentum vector

D' (p,)*=—-A, =const.<0 9)

in the de Sitter space, it is found that the quantity L, in the spacelike CD field is the submanifold in

the de Sitter space.

If the momentum field satisfies eq. (9), space-time can be quantized, which is consistent with
the Lorentz covariance. Therefore, the fact that eqs. (7) and (8) are isomorphic means that the
quantization of the spacelike CD field is consistent with the space-time quantization. This means that
the classical Maxwell equations were successfully expanded from the lighlike to spacelike momentum

region.
3.3 Creation of Majorana field

It should be pointed out that the quantized field corresponding to the spacelike Klein-Gordon equation



(0"0, —(x,))A =0 (10)
is given by the Majorana field. To confirm this, let us consider the Dirac equation

(iy"o, +m)¥Y =0, (11)
which can be regarded as the “square root” of the timelike Klein-Gordon equation ((8"0, +m”)¥ =0).

Thus, it can be readily seen that the Dirac equation for eq. (10) is expressed as i(y"0, +x,)¥ =0.

It has been reported that for eq. (11), there exists an electrically neutral Majorana
representation in which all the components of the matrix y take purely imaginary values such that it

takes the form ((7(M))V 0,+m)¥ =0 . This equation clearly shows that a Majorana field A

satisfying ("0, +x,)A =0 corresponds to the spacelike Klein-Gordon equation (eq. (10)). Reference

[25] has explained how a couple of fermionic Majorana fields A and ¢ (spin 1/2) can form a

bosonic field (spin 1) that corresponds to the CD field. This explanation is based on Pauli's exclusion
principle and corresponds to the orthogonal condition C°L_ =0 (eq. (6b)).

Another important aspect of the quantization is that the length (or wavenumber) must be
quantized in the Majorana field [25]. This corresponds to the successful derivation of space-time
quantization performed by Snyder [24], who worked on the spacelike momentum field defined on the
de Sitter space. As a result, it is confirmed that the Majorana field was derived through this discussion
of the CD field.

3.4 Mechanism of dressed photon creation

Since the DP field is created at a point-like singularity, let us consider a case in which a spacelike field
J.in eq. (10) is perturbed by the interaction with a point source of the form &(x°)5(r), where x° and

r respectively denote time and the radial coordinate of a spherical coordinate system. The solution
can be expressed by the superposition of a spacelike stable oscillatory mode and a timelike unstable

mode whose combined amplitude moves at a speed less than the velocity of light. A timelike unstable

mode of the solution has the form A(x’,7) = exp(+k,x")R(r), where R(r) satisfies

R"+3R'—(ze,,)2R=0, (12a)
r

and



(&)= (k;)" = (x,) > 0. (12b)

Here, R(7r) is known as the Yukawa potential

R(ry=exp(-x.)/r, (13)
which rapidly falls off as » increases.

A crucial kinematic property that distinguishes quantum mechanics from classical mechanics
is the temporal directions of a moving particle and anti-particle. For an electrically neutral Majorana

particle field, this property corresponds directly to time reversal, which means that a couple of unstable
fields A(x’,r)= exp(ikoxO)R(r) in the classical system can be reinterpreted as a particle and anti-

particle pair in a quantum mechanical system. Thus, the argument above shows that a pair consisting
of a timelike Majorana particle and an anti-particle pops up at the origin » =0 as a result of field
interactions between the field given by eq. (10) and &(x°)5(r) . However, since these particle fields
are non-propagating, the mechanism of pair annihilation would occur instantly to produce a small light
field with a spatial distribution R(7). This light field, which is the genesis of the DP, is a timelike
quantum field and belongs to the visible sector. It should be noted again that such a small spatial DP
field originates from a transition of the spacelike momentum of the Majorana field into a timelike one.

However, this small DP cannot be observed in the macroscopic area because it is much smaller
than the wavelength of conventional propagating light. That is, its size is beyond the diffraction-limit
for measurement. For measurement, the DP field must be disturbed to create free photons (propagating
light) by inserting a probe into the DP field.

3.5 Maximum size of the dressed photon

Since a quantum mechanical discussion has shown that k, in exp(tk,x’) and in eq. (12b) is the

energy of a given system, the quantization of the Majorana field suggests that the wavenumber
quantization with Min[k,]=x, (,Ak, =k, ) is advantageous because it is similar to the well-known

energy quantization E =hv . Thus, it is found that this wavenumber quantization is valid for the

quantum version of eq. (12b). That is, the quantized DP energy E,,, is expressed as

Epp, o< (x.)’ =n(x,)’, where n(=1,2,3,——-) is a quantum number.

The advantage of the radial distribution given by R(7) (eq. (13)) shows that this distribution
has a clear-cut minimum value &, of x, (refer to eq. (12b)). The existence of such a minimum
wavenumber x, means that there exists a maximum size of the DP defined by

=L (14)

max
Ky



whose value has been evaluated experimentally to be 40-70 nm [26]. Here, L” is called the DP

max

constant [6,18]. From the viewpoint of a new natural unit system in which all the magnitudes of the

Planck constant #, light velocity ¢, and L2" are set to unity, the importance of this length has been

discussed by Sakuma and Ojima [27]. They showed that L”" gives the geometrical mean of the

smallest Planck length and the largest length associated with a newly modified cosmological constant,
related to their dark energy model defined by the ground state of a spacelike Majorana field and to

their novel dark matter model defined solely by the Weyl conformal tensor field, respectively.
3.6 Conversion from dressed photon to bullet-like propagating light

In the case of a pair annihilation involving anti-parallel spins, the created DP has a spin 0. Specifically,
the discussions of the DP in the preceding sections suggest the possibility that the light converted from
the DP can be a unique light field with spin 0, which behaves as a particle. This particle-like behavior
has been supported by the Wightman theorem [28] stating that: 4 Lorentz or Galilei covariant massive
system is always localizable. For the Lorentz case, the only localizable massless elementary system
(i.e., irreducible representation) has spin (. Here, localizability means that a position operator can be
defined for this system.

The lightlike CD field can be described by the system of egs. (1) and (2), in which the field

strength S, is given by bivectors C, and L,, that satisfy the orthogonality condition C,L, =0

(eq. (6b)). In this case, it is assumed that L, is a spacelike vector. Notice, however, that the

orthogonality condition C L =0 is also satisfied in the case of L, =C, since C, is anull vector.
Of course, in this case, the vortical field strength S, vanishes. Recall that, quantum mechanically,
the C, field is a Majorana field with spin 1/2; thus, a couple of anti-parallel C, fields with spins 1/2
and —1/2 can be combined to yield a null energy-momentum current C,C" (f w =pC,C" ineq.(la))

with spin 0, which can be regarded as a unique bullet-like light field with spin 0.
3.7 Experimental verification

This subsection reviews results of experiments that were carried out to verify the behaviors of emitted

light described in the previous section [6]. As background information for the present experiment,

Wada et al. [29] showed that a silicon-LED (1.3—1.6 um wavelength), successfully fabricated by a

novel fabrication technology named DPP-assisted annealing, worked as a relaxation oscillator upon
9



the injection of direct current to emit an optical pulse train whose duration and repetition frequency
were about 50 ps and 1 GHz, respectively.

The experiments were carried out by following the well-known Hanbury Brown-Twiss
method [30]. A similar experiment has been carried out to check the behavior of a single photon in a
nanometer-sized semiconductor logic gate whose signal was controlled by using DPs [31]. For the
present experiment, highly sensitive superconducting single-photon detectors were used to measure
the temporal behavior of the infrared light emitted from small light sources in the LED.

The values of the second-order cross-correlation coefficient (CC) were measured as a function
of the difference z between the arrival times of the photons at the two independent photon detectors.

The measured results showed two features: One was that the value of CC was smaller than unity in the

range of time difference |T| <20 ns. This indicates the photon anti-bunching phenomenon, which is

an inherent feature of a single photon. The other was that the CC took a nonzero value at 7 =0 even
though it is smaller than 1 x 102, This nonzero value is attributed to the photons emitted from multiple
light sources located in close proximity with each other in the LED.

These two features suggest that a cluster of photons emitted from the LED behaves as a single
photon. It is named DP-cluster light and is closely related to the localizable property of the spin 0
particle. Namely, if the observable positions of given spin 0 quantum particles are sufficiently close,
the cluster of these particles would behave as if it were a single quantum particle with the accumulated
amount of energy.

The original motivation of embarking on the DP study was to generate a diffraction-free small
light field. However, the experimental verification above gives another suggestion, that is, such a
peculiar propagating light field exists, whose energy-momentum tensor has exactly the same form as
a free particle. If that is the case, a light beam consisting of such a light field would behave as a bullet
and be free from diffraction. It is well known that a laser beam employing conventional transverse
light waves is unavoidably diffracted. Although there exists a certain class of diffraction-free mode-
solutions [32] for transverse light waves, these solutions should not be confused with the above-
mentioned peculiar light field that is intrinsically diffraction-free. In regard to this peculiar light field,
it is further conjectured that the mechanism of DP-cluster light may be involved in y -ray bursts, one
of the cosmological enigmas, as an intermittent extremely high-energy radiation with strong
directionality that reaches the earth after travelling over an enormous distance of several billions of

light years.
4. Quantum walk model for the energy transfer of dressed photon

Experimental studies have confirmed that the DP, created on one NP by light irradiation, hops to the
adjacent NP. That is, the DP energy transfers from one NP to the adjacent one. This transfer originates
from the interaction between the NPs mediated by the DP.
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Creation and annihilation operators for the DP are required to describe this transfer. However,
conventional quantum field theories have never succeeded in deriving them. This is because the DP is
an interacting quantum field, for which the interaction is a nonlinear event. Conventional creation and
annihilation operators have been derived only for the linear system. As long as these operators are not
derived for the nonlinear interacting field, the origin of the pair-annihilation of the aforementioned
Majorana particle and anti-particle will remain unknown.

However, since the created DP is a timelike boson field and since it spatially localizes at the NP, it
is expected that experimentally confirmed spatio-temporal behaviors of the DP energy transfer can be
described by using a QW model. A QW model for a quasi-particle, whose behavior is described by the
Klein-Gordon equation, has been studied [33]. With future progress in this study, it is expected that
the theory of DP creation described in the previous section and the QW model for DP energy transfer
can be connected consistently. Furthermore, it is expected that this connection will enable the
construction of a novel theory that can systematically describe the creation, energy transfer, and
detection of the DP to identify the origins of a variety of experimentally confirmed phenomena.

Concrete dynamics of quantum fields can be modeled as a sequence or flow of the states on a
category. A QW is a typical example of describing such dynamics [34,35]. The notion of a QW on

general *-algebras and quantum walks on +-categories can be defined as follows: Let 4 be a *-algebra.

A sequence of states given by—¢'(a)=¢((®') aw') where t=0,1,2,3,... generated by a unitary

element we R [C ] , 1.e. an element satisfying owo=00 =¢,iscalled a quantum walk on 4.

A QW can be considered as a sequence of state vectors through a Gel’fand-Naimark-Segal
(GNS) construction. Numerical calculations have been embarked on [36] to analyze the DP energy
transfer phenomena. It should be noted that the DP cannot be understood without focusing on the off-
shell nature of quantum fields [37]. This means that the aspects of quantum fields cannot be described
as a collection of the modes which satisfies the on-shell condition, and that a QW on categories may

become important in quantum field theory.
5. Summary

A new approach to quantum fields was proposed in terms of category algebras and states on categories.
Quantum fields and their states were respectively defined as category algebras and states on causal
categories with partial involution structures. It was pointed out that, by utilizing category algebra and
states on categories, relativity and quantumness can be directly integrated as a category theoretic
structure and as a noncommutative probabilistic structure, respectively.

Based on a CD field theoretical model, it was made clear that a DP field originates from a
transition of the spacelike momentum of the Majorana field to a timelike one. This model succeeded
in deriving a maximum size of the DP that has been already found by experimental studies. This size

11



was named the DP constant. It was found that, in the case where paired timelike Majorana particle and
anti-particle have anti-parallel spins, pair annihilation creates a DP with a spin 0. The light converted
from this DP can be a unique light field with spin 0, which behaves as a particle. It was experimentally
confirmed that a cluster of photons emitted from an Si-LED behaved as such a particle and is named
DP-cluster light.

A QW model was employed to analyze the experimentally confirmed phenomena of DP

energy transfer between NPs. Its theoretical bases were reviewed based on the theory of category.
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Preface to "Quantum Fields and Off-Shell Sciences”

Intensive experimental studies on light-matter interactions and their associated technological
breakthroughs, especially conducted in the field of dressed photon research, have led to a growing
concern regarding unsettled off-shell quantum field interactions. In order to respond to the demand
of this new tide of scientific progress, a new initiative has been recently launched. The Special Issue,
entitled “Quantum Fields and Off-Shell Sciences”, was organized in the academic journal Symmetry
to promote the progress of such research activities from a wider perspective, not necessarily limited to
dressed photon studies. The scope of the Special Issue covered quantum probability theory, quantum
walk modeling, quantum measurement theory, micro-macro duality, category theory, dynamics, the
vortex structure of spacetime, off-the-mass-shell property of quantum field and symmetry, and/or
symmetry breaking in quantum fields.

Eleven excellent original papers were successfully accepted for publication via an impartial
peer-review process. This book contains these published papers. It will provide scientific and
technical information on the quantum fields and off-shell sciences to scientists, engineers, and
students who are and will be engaged in this field.

Motoichi Ohtsu
Editor
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Evaluation of giant polarization rotation with a SiC spatial light modulator
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Fig. 1 (a) Transmission image of SiC-SLM with polarized light (b) Variation of transmitted light intensity
as a function of time (current) (c) Polarization rotation angle as a function of current.
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Creation and Energy Transfer of Dressed Photon

R R TL—
°* Motoichi Ohtsu
(—fxtEEAN) RU R REFRFZeE s

Research Origin for Dressed Photon
*ohtsu@rodrep.or.jp

Based on a Clebsch dual field theoretical model, it is made clear that a dressed photon (DP) originates
from a transition of the spacelike momentum of the Majorana field to a timelike one. The DP energy
transfer , a unique phenomenon observed as a complex system, is described by a quantum walk model.
It is demonstrated that the calculated results show agreements with the experimental ones.

1. [FCoIZ
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5 DP O Z LR T DI AEMER, T — 2R L2 2 LWHEALETHY, Fhiz4 7
VR LEEN S, AERT AT TV o LRI LD BRI TIE DP OARGERNIE LMo L,
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DOERGEBRENTA SN, BIH CD B0 spacelike 7 T4« TG0 R AR SROEEI N MND S &
spacelike JEENEI & timelike EENEL OMAE OB/ S 1, KRR SIZBT 56 - WEFMEEERH O
R spacelike ¥ 3 7T 005 timelike ¥ 3 7 F R 1 & AL DRI AERKT D, E LTI OXOHEWIZ X
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3. DPOIRILX—FE

W ET I L DIRTOFE—H L LT DP DAERDERIZH DD 7 74 3T 0 —T 0 To DP DR
WEPRD O, DPIIWET 2R8I 58, R TrMabkE BExLX—)) LoD, 71/ %
WLEN LD AL X— ) LTDP 74 /> (DPP) 2T DH. AHED QW EF /LTl 2 IRk
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4. FEH
A7 v = VRPEIC R DP OARGETRASH HANIRY, QN ET NS KD TR X — BB RO R R
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S &30
1) H. Sakuma and I. Ojima: Symmetry,13 (2021) 593.
2) M. Ohtsu, T. Kawazoe and H. Saigo: Off-Shell Archives, Offshell 1710R. 001.v1, (2017).
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A convergence time of quantum walk

WAL AR
Etsuo Segawa
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Graduate School of Environment and Information Sciences,

Yokohama National University
segawa-etsuo-tb@ynu.ac.jp

There are similarities to the behaviors of the energy transfer of dressed photon in the stationary state of
quantum walks. Then in this talk, to find more detailed mathematical structure in this dynamical system,
we estimate a convergence time of quantum walks.
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Dressed photon is the light as a quantum field interacting with nanoparticles. It is known that in
mathematical physics, there is no mathematical model that describes interacting quantum fields as long
as they satisfy the axioms that seem very reasonable from the conventional point of view. Simply put,
one cannot fully describe a dressed photon without going beyond the framework assumed in
conventional “on-shell” physics. In this talk, we will introduce a new approach based on the concepts of
category algebras and states on categories.
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In 1977 , M.V. Berry predicted that "in the semiclassical limit of the solution of the Schrodinger
equation on the Riemann surface, the distribution of the eigenfunction values becomes Gaussian if the
dynamical system is irregular”". On the other hand, Anantharaman-Le Masson (2015) and others have
considered "graph-theoretic analogue of the semiclassical limit" in terms of quantum ergodic properties
on graphs. Based on this, we consider the graph-theoretic analogue of Berry's conjecture.
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Fig. 1 Value distribution of a certain eigenfunction of the adjacency matrix of the Lubotzky-Phillips-Sarnak graph
X~{5,13}.
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In this paper, the numerical simulation of dressed photons using the quantum density matrix is explained
as an example of reproducing the dressed-photon-phonon (DPP)-assisted annealing, which is a physical
phenomenon mediated by dressed photons. Numerical simulations show that multiple dressed photons
contribute to the localization and energy dissipation, which are in qualitative agreement with the
experimental results and prove the validity of the numerical simulation model.
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Fig. 1 (a) Simulation model (1D case) of the dressed-photon system, and (b) existence probability of the dressed-
photon basis states for a vacuum, 1-dressed-photon, and 2-dressed-photon states.
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(1) TH> T3 1 RIT 2 RBD QW TRELRFHIE Z S0, FHHED QW TRREAHNED
Z2ZrdEBLTEL.

¥ ZOMEO—HIE F LA P AFHAERDOIERZRITITVET.
B3R
[1] K. Higuchi, T. Komatsu, N. Konno, H. Morioka and E. Segawa, A discontinuity of the energy of
quantum walk in impurities, Symmetry, 2021, 13, 1134.

[2] M. Ohtsu, A quaentum walk model for describing the energy transfer of a dressed photon, preprint,
2021, Offshell: 10.14939/2109R.001.v1.

[3] KEyT—, B4, HHK, TRFV -7 EFMILS FLA MEFIIVF-BHOBHEER) ,
2022 £F45 83 BIISAWEE U FFRBES.
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BFIA—VESVT LT+~ DNRDES O
Estimation of speed of convergence of quantum walks
O % (BEX)

OEtuo Segawa(Yokohama Nat. Univ.)

FWHEADHBRFTA—21%, FUR MEFOEBL L QB2 RTILHFRSITED (1,2]
FADRBBABERIZ & 5 RVWEE, BEREBIINEKT 3 [3]. AMATIRZOERERBIZINHKT S
FCORMIZOWT, Bwd 3.

WIS 7% G=(V,A) L LT, ZOLTOEKICEFBRED /A (=tail) 28T 5. Z0¥
BRI 7% CG=(V,A)LT5. ZOBRFVA—2DLEMIIOFMILK > TERINBR
2 bVERCA 225, MR Y € CA R—EEARHERCERBABATS LS50 5. WK
IZhh3ETORLAEZROLSICERTS.

t.(0) = Eniic])l{d(s) < e ® for any s > t}

2T, d(s) RINEY 5 7 LT BEERB LA s TORBL OREHERTHS. DD, t,(0)
Ik, T DBZIBIEE, e £ Db ZOREMEMANE K 2B LS RBHTHE. THL, KFETR
WD & >7%T L EIEHLE.

Theorem 1 RS I 7M k- ERIZS 7D L &, FRD 6> 0IZHLT

1 1
log EEL (logsN +6) < t.(0) < Eg"_—tl-logan'

k—1 r—1
TDZehs, SVRLAYA—IHBRERIIRL T, REDZITHEZWEY, BFU -7 TR
NGBS RBLWHIBERKRBREETWRZ bbb, AR COBELIVSIINVOBE, B
FUr—2 CRIEOMIZ OlogN) THEDIZHLT, IV XL+ — 27 TIHO(N?) [4 TH

D, 5VRLIA—=2 LY LIHEBINENEL RS, TO—FT, B2/ 7 70FE, BFI+—7
TiXO(NlogN) THBDIZRHUT, SV HXLT4x—ITROQ1) 4 THH, SvXhvxr—2 4k
D HIEFIZIEHIEL 23 L5 HEBOINHRHRITRoTWS.

ERSEORFY 4 — 2 OPGRIZET 38R0z, RS T 7 O L HRBOEERL 25N
TIRVWOI, YOEMS S 7 OBETHHBAREEHEN k CEORKEERY MVF—ETHS
LVWIERIIEANRHEENEMEINTVWS., AHLUTEOHERLBEHREE RS TEDIZ, £
WYY —AFTNVIZRZ B —RBRANERA L, WREZELELSTELBRANILEE
EORBMBL VIR, ZOHERFES L HRTERVDOT, BFELSFBINET T 7 OREBER
EVHBINEZ BT INS, SEOELVARBRETHS.

HEE COWEO—HIE R VA MEFHERROXEEZZIITWET

SE3CH

[1] M. Ohtsu, Dressed Photons, Springer-Verlag, Berlin Heiderberg (2014).

[2] M. Hamano, H. Saigo, Electronic Proceedings in Theoretical Computer Science 315 pp. 93-99.
[3] Yu. Higuchi, E. Segawa, Journal of Physics A: Mathematical and Theoretical 52 (39) (2019).
[4] D. A. Levin, Y. Peres, American Mathematical Society (2017)

© 20225 IAYRES 03-328 an



22a-A101-6

Ee3MbL MBS A MMNS MR TRE (2022 bk  IRLFvRZ2+A SV

BFIA—VFETIIZES FLR PEFIRILX—BBOBIEHH
Numerical calculation of a dressed photon energy transfer by a quantum walk model
FLZ REF!, BEREKX? Middenii® OXFEIT—!, HNIGidk 2, #EREAS
Res. Origin Dressed Photon!, Yokohama Ntnl. UnivZ, Middenii®
°Motoichi Ohtsu?, Etsuo Segawa?, Kenta Yuki®

E-mail: ohtsu@rodrep.or.jp

[Ex223%] FLX T (DP) T T
J¥iF (NP) HOETFEOMEERIZE VA
RENNP IZBETHEA 7 VETH B[],
AR S 7 DP BB NP IZB BT 5. %
DOEFHIER 5 BV O, ZEERS BV 0
B b[2), ZHETRETY+—7 (QW)
ETFNERAWS,

[F8E] iEBED NP R % W5 A B89 % DP
ENPIZLRETE 72/ bbb FLALE
F7 %/ (DPP) OHERRE~Y PN EFH
T 5, £ ORFEREFRXFOEK=2 =% V1T
FNU WNARTE & 2N L U (&) =exp(i§)U #
Avd, THI0GARST J . y 1344 DP O
NP Bk Rk V¥ —, DP-7# / HHEEH
TRAX—ThbH, &, y/JESATA—FL
L. Z 74T e —7%RTHAZSD=AK
D 2 WIEHEFIZOVWTHE LTz, ThebbEl
DEYA b+ (FA Mn) CANEFZMA,
BEPOEYA b HATORERIREZRD-,

.H .1 5
107 45 10

(a) £ (degree)
R 1. fFERER P DT A—F £, 4| JHKFFHE, #HE
TOTRNF—HHREL@), AVMD). (n=41 OEH)

© 2022%F [FRYEFE

0 4 90
£ (degree)

[55 &%£42] X 1 1XTHA TO DPP DIFTERE
BPOE, y/JEFEEZRT, QIIMETO
TRAF—BRDORNGEETH S, Ak
Bon HB/hENEZIIHETORKICL 52
TFHHENRRNDHE, n O E & BiTERIT
MBS 5, EEER L ORI LY Zhid®Y
Thb, OIETFAF—HLEDHDHHET,
WERTFEIX BV A REAH IR TIE P OEP K
W, ZORBHIT/ET = / » OFEICER
T35, ZOHEOPEFOEBTIXP OFEIZE
RF A= Zx L TR SRR ET
%, ZOEET y/J>>1IcTRAD, KiEE
Bizizy/J=1 T20OREHENTHY., £
N Z OREHOEEE S TRV, ZOHE,
PofEix & =675 FE (K1FD0ADHE) T
BAEERD, Zhidn OFEIZE B, £z
P R EFEMICE S F TORBAIRS HVITE
FO2Y A MUTKREL, QW BRROMRER L &
&L 73]

[F&®] <5 A—% ORIEME =675 B,
7! J=1BRHENE,

[ 3R]

[1] H. Sakuma and 1. Ojima, Symmetry 2021, 13, 593.

[2] M. Ohtsu, Off-Shell Applications In Nanophotonics,
Elsevier, Amsterdam (2021).

[3] M. Sabri, #E)Il, % 69 Eli#2EFENHS

(2022 43 A), 22a-E103-4
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FHPZSOCRICEITSH FLA FEFORLSIEL

Behavior of Dressed Photons in Systems Containing Impurities

#)Ja—!, BRAMFK?, FLAMEFHRER® =2 &', &8 XA XE -3
Ricoh Co., Ltd.!, Nagahama Inst. Bio-Sci. Tech.?, Res. Origin Dressed Photon?,
oSuguru Sangu', Hayato Saigo?, Motoichi Ohtsu®
E-mail: suguru.sangu@)jp.ricoh.com

1. [FXL®HIC

F ) FRICRTET DR 2 MTE LIBBSR L LT, FELBAHENICERBREFHRL2]E
FTERERBHEINTWS, ZNHOHERKL, FLR MEFT7+/ (DPPERT =—/L LI
HEnd, BEMFIVBHE LERS F—S0 b CRtiY) &ZERMSH SE 2 MNTHEE2 AV TER
L7eT /8 ZIZBWTHET 5, KX D BE#IX, DPP A7 =—/WZkiT 5 A OALE
OB HETD FLA MEFORIEY S 2 Lb—va v ETFARRESTZZ L THD, HiEFE
F[BITHL. BRTFBETHZAWVEEEY S 2 b—v 3 k) ZRTRICBIT 2 R FmEEOE
WhEBLE LD, Al OTHCRIED b EE R ENRE~OBEBR ZHHAT HITIEE LR 27, &
MRXTIE, —RIERZRETFNVICLHIEY, SO EZELRIIBITS FLR M ETFRERZD
AH=ZALEBELZL, RO BEAZRALEROERE~O DR VIOV THERT D,

2. HESaL—LaUER

Fig. 112, —RTHF EIZ 2 2OFREMERIT - HE0O FLU R MEFOFEEREL LT, B2
2 SOEBICBITAHREEZTT, AL BIIFVA M ETEZRDTHA MHADOFE v EY
TREGREDERTREAL, AV Ialb—a v CREMPEROESE 01 ffL LTEHELZTWY
%, Fig. 1(@EF#i#n%z 2 1 ML CEE L= 0BRETHY . FHLEIZ RV RETFHR
RET 5, —7H, Fig. 1o)X A #i% 3 1 PEEL TR L2550 RTH Y, R+ M i
DOFRMLBICBWT R LR MEFBEBREL, —RIED»D 2 AHBEEFHRIZBITS FLR b
HFOFEERERPRERE R DR TH -7,

020 020

005 ‘

Y —— I SR LS, A § S SR S § S | —= il —_— oo weesholdBomb e P s b e ia 3 S SR § S e
Sde Sita

Fig.l: —IIENTFRICHT BRI E KL R IEFIFERR

3. EE

Fig. 1 OFHZ, bR R iR OBEVIC LY, FLA M T OFERENBIMICELLES
TEERLTNWD, o MHIOHEAREICHRT - REMEBORK SRS OFEICLY, FLR B
WHFOREREEZ S HICEDDMERFET I LD LHESND, RO E I OBN R4
EFNE LT, BEORMPERBIZEITSD LR M T OFERHOEES BRI ATV,
RERTIE, FLAMETFOREA =X LOFMERZRT D L LI, BEE EHFERHEED
Y Db DIZ oW THFER LW,

S5 3Cm

[1] M. Ohtsu and T. Kawazoe, Adv. Mat. Lett. 10 (2019) 860.
[2] N. Tate, etal., Sci. Rep. 5 (2015) 12762.
[3] =& - fih, 2022455 69 [l A EISFEFLITHES (2022) 222-E103-6.
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REED . KiEm— (—RAEEAN) FLR MAEFHRERRKRES
EE . A7V IVEPRORME
WAt : #2542 (Zoom)
UTOWRLICKBEEBFA—ILT FLRAZERLTEEET &,
Zoom S —T 47 DATA VERABHESNET (BEIEE)
HEAFEPTHLER (FHSM) AETY.
[Z8k9 4 ~ URL]
https://usO6web. zoom. us/meeting/register/tZAkcu—prDkoH9GrONbfQciZ|CS5gkLsMWDO
HEHRF 202158812 8B (%) 9:00 ~ 10:00
HYHE 7R F (B@HKE) <moriyasu@u-fukui.ac. jp>

EEME

F/ TEEBTORFEEF. SHICIET+/ VEDBEERICEKYERSH
5KLRMEF DP) OEBRARZOGAEMEIREER LN, TOEHR
MEIIINETREEELTH 1z TNIEDP DEFEOIAX TP LEICERT S
N, EORIERMEBIEINREDA VL TILRRETIIERDFEE LD - hE
HEERICEAT 2 ERIRARTHSIZLTHO 1=,

ABECTIEIZTNERRT B=HICHALANAEBE LA 7 T ILBZZICDLNTHER
5,

EH15 7 spacel ike BEENEZITILKRT S &Ik Y. HHEERZE® L DP
DEFBEIEBEBEOHNICL-, EEERICFYISFTFIIILIAVOHF - RHA
FRNEETEHIEERHE LT, TORRE. DPICIEEKTELHY . Thidn
AEIURLVLT - Ay bIHET S E, SHIZIPHASEBRINSEHILEE
WI2U—DHFEEET S LEERH LIz, REBETIEIN O DOHEMNEERE
REFMELTRTT %,



20

IERIZ"Z 712 381) % non-backtracking cycle DEZLD
ARAETHD IR

WRRIESE (L#BERE)*

B =

(g + 1)-IEBIZZ 7 DE X m @D non-backtracking cycle DEE N,, IZDW
T, #o0HED 2,/ R (BEEATY0) BHEENFES L TWEEL, 2EX 5
(ZZTRE N, DBEHL &) . AAKETIE, 7—F t, (m=1,2,...) D
BRZOVWTHRANR, 20— XV ' BEKEESAL. £/, ZHEZICAHLT,
ERIZ'S 7 DERIND D 552 AT L X, t,/v/n (n 1FHERED 2,/9 K
DO EHEDER) OMMR M ER I L 725 T 2R L. ), AR,
BANKEK BEXE) |, ABFRAR (REANA FKRF), KILEEK (H
AKRF¥), #OTHK (@RTH¥EKRY) L oHERFEMEICHESS.

1. Non-backtracking cycle DEHDREIR

G=(V,E) 2 ERBMER 77 L,V 2Z0HRAER, F 2UEELT5. GO
R T2 2O0DHM v,w eV IZNL,vw=wv € E % v, w ZImmRE 52 (FH)4
L,v 20, w 28E L T2EMRE%E (v,w) ERT. e:= (v,w) DHMAMZDFEFL%R
g:= (w,v) ¥5%. DG) = {(v,w),(w,v) | vw € E} ZAEMLDL2ELT3. G DA
M e € D(G) IZML, a DR EMERE ZNEN o(e), tle) £BL. G DRE m D
(path) C =e;---en Eldey,...6, € D(G) 2D t(e;) = o0(eiy1) i =1,...,m—1) D
LEEWVWS. LI, tlenm) = oe;) D& E, C IIEARE (closed path) & % WEH A Z7v
(cycle) b Wbird. KFRTIE, 797 G DY A7V C=e; e, DT OFREZH
& ¥, non-backtracking cycle & X.3:

@ €i+1 #E.” (Z = 1,...,m— 1) Oi b, C Kci?ﬁﬁbiﬁtﬁb‘
e #€n DFED C OEADUNEBZEDADHIZIR o TWVWIRW.

HAE m 12 L, N,, # G DEX m D non-backtracking cycle DfE$ & $%. N,, D
R Z(u) = exp (zmzl %ﬁum) 3757 G OPEE—XERY XIZN5 (2).
(q+1)-FEAIZZ 7 G R, N, 1& A DEIBEEL > TRD X3 IRZXNS ([1)).

20 Y Tm( >+nem(q—1)-

A€Spec(A

ZZC, T, 3BIEF > = 7ZHK (DFD Thu(cosfd) =cosmb) E L, e & m B
O 2 1, ZADANDL EX 0 LERTS. ZOLE, N, IZOWT, HRH{ED

AHFEIIRAE (EBIAZ (C) :19K03608) DB ERII72dDTH 5. X7z, AMFEIX () FLA b
HFHAER DB Z 15 7.
2020 Mathematics Subject Classification: 05C38, 05C50

5\" V7 — F [ non-backtracking cycles, regular graphs
*T192-0015 FHEER \EFT FEHET 2665-1 T¥EFERY HEHERE HiE - 28R

e-mail: saito.seiken@cc.kogakuin.ac. jp
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2,/q £ D/hEW A DEHBEDFS% t, TRY.

!
A
tm = = {Nm — 2¢"* E T <—> my—n(g—1)en} = E my. cos mb;.
m/2 i
“4 lea(A) 2\/6 =
IA>2,/3

ZIZT,o(A) X G OBEETY A OMRZ ZERME2EDORSE, {M,... M} ={\ €
o(A) | |\ < 2y/q}, my & A OEEE N OEEEL$5. F1Z, G2 |\ =2,/ R5EH
fE A\ b 72720 (¢+1)-1EHl Ramanujan 777 7D & i, ¢, = W{Nm—n(q—l)em}
TH3. Fkld, N, D (FEHLTRVEWVWSEKTOD) “FEEIBE t, DDHITOVT
AR t, BBERITHIOBBEETRIN, 77 70EABIEKRT % £ ZEREOM
FR37 13 Kesten-McKay i 2%, Eo T/ 7 7DEABPEKT 2L & ¢, OF
HDBERDHIEDOL KSR 3 Z e 3P OEREROB R HLHEBETES. L
L, EBEEDOMIIEREI2ER23H 2 D TERVPLETH 5.

2. READAHLE— XY F B
Theorem 1 (E#R1: J5 7 DEATICEIT S ‘= OBRATH) (G,)rez,, % (¢+
-EHIZ 5 705IL L, A, & G, OBERSIL 55,

On-oa) = {(Aea(d) | A <2va,

§; := arccos 7 efx) (i=1,...,1),

n, = [{\ € Spec(4,) | [Al <2/g}|
BL. UT2RES 5. limy_,oony = 00 DD
(*), HKrvicowtsd, ..., &3 Q L1XMENL

' 27

ZDLE, %n_utm (m € Zs1) DWERSIEFTH 0, DHELAY 1/2 OIERZT N(0,1/2)
TH5.

Theorem 2 (E#ER2: ¢, @ﬁﬁ‘iﬁE?ﬁﬂU@Ebﬁ&) G% (g+1)-1ERIZZ 7,

L, {A,..., A} ={xe€ea(4) | [N <2/a}, b ::arccos7 er)li=1....1) £8

it DARE—RAY b My, T—X > MIBEEE o(z) = Y0 Migd 2T 3L,
: !

(P(x) = Z HIkh (m/\hx)

Zh 1 knOn G??TZ

ZZT, Ii(z) 3B 1EEHERy L LVERTH 5.

Corollary 1 £, ..., 2 1 Q E1XHIRSIE, p(z) = [Ti_, To(my,2).
2EXB

[1] T. Hasegawa, T. Komatsu, N. Konno, H. Saigo, S. Saito, I. Sato and S. Sugiyama,
The limit theorem with respect to the matrices on non-backtracking paths of a graph,
arXiv:2005.09341v2 [math.COJ, 22 Aug 2021.

[2] Y. Ihara, On discrete subgroups of the two by two projective linear group over p-adic
fields, J. Math. Soc. Japan 18 (1966), 219-235.
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NL X MNEF/ REERMS & RNMEADIRE
Dressed Photon / Immanent Electromagnetic Field and the Principle of Least Action
OREF & (LLEKKR)
OItsuki Banno (Univ. of Yamanashi)

E-mail: banno@yamanashi.ac.jp

BTBRINFOXA F I 7 AGB/MEHOFEIZZ DD oIS, EHIIRANRGORTE
NI TSI T EERRN - ERES L TROSND. HNmRENGE TG4, BT
BWTH, BEIZEWTH RS & BRI IS kb 5. JEHNGRRICE W TR
DK FIEHEHDD, FHKOBZNDPEGHITH 5.

UL, FEHENERR 2 5 MEREE (MR 0 76F) 2B 5 X4+ 37 ADEHI,
WE, THRILX— - EEHEEAEFORBBEO THENINV =T VICEH-TITS. £72, B
DEFNZ &L 5 EBRRIEOFHHEIZB W TIIRERELVPEZHI N, EEGOEMBEIIERIN5.
MRS BRI ERE RO D2 FHEITAD 6N, FFEM T RAVF—HIEZ2E. 20k
D 7R IR A & 22 DX E TR WV DRI, EF@wA2ET - 2TV I /NI Y EA
DA OIHRE 572 & WD BRI L FEH FEEER T ANV F —HIGOFRBTE S L\ D
RN ODIEHAZ S H D K S ITHES.

X517, EEOBWTOEILEY - MBLEZONDE I LNL V. YENSEGTOEY -
BIIABEDBBECE2HMETH Y, D, F—VEMAZRTH DI EWHHLESS. 22T,
ANEDPE T E R WNEBESG 2K WEKRT RNV A MEF (DP) 2252, ThhrBbEEH4L
DEdIzix, MAKEHBAETHEIRZ MVRT VU YIVEANT—RT V¥ ¥ IIIZHE D EEHRD
B, £720%, JEEEHNRWEZ T2 2B L. BT REE, X7 MLVETF UV Y
WORERME T — VEMALERTH D, MEERDOYA AF =R Pae—L VY MRETE—A
DT NG I T-R—= LR THRL, EEEEFE R DP RO I 1)V ¥ —IHLIGSRM T CTEED
HHERIZEADD 552 THD[1].

ZZT, DPHPHEDLIBHERBRE LT, 74 by - TV—=FT 4 V7 2] Dd 5. FEEBN
AR S FEET NA A BAEHATREIZT 2 HIETH D, TOFRNFERIIMEDNY RE¥ vy T TlER
FNA ZNEBLEFE D BEHYERETHIE X 1D, ZOF N1 ZADFICIZIEEHBH KGR T DP 238
ZRTHERKTHDN, HEHIIIFEHEHBEIFZROBUEHEE 3] DR TIREEATE D, BII¥R
DEEMEETOT Y b Y —D&RE 2B FRIIBVWTIRERICHLOES Z 2 2T\ 5 [4].

DP A3 2 IR E R %, BRERT VY v L & RO R & 22/ 20 O /% 2o
DF, BUMERAOFRMZFEFME U Cilikd 52 &2 HIIZ, NEEMSICHET 2 IKNEE - K
R OMA, BIREALNHOBN 2ZE % UIFHBS DR &R 5.

i

R LA N ETF T 5 (RODreP) TDHIFEERD A W N—TH BIRD 52 N7 LU 9 KT 11 (RODreP), /N
5 5R fE - (RODreP), {£ARISAX L (RODreP), JIIFEE L (Hlli{bYE), PEHEHRAE L (BN A K5, RN FR
i (&R, WAL BREN KRS, WEE DL (RBTEKRY), =5 Sl ) a-), Mgkt
+ (HEi{bZ), #EERARK. ZOMEDO—BIE N L A MEFIFEES» S DEZ2ZITTVWET.

S

[1] % 77, TWEROIEMEFRME L F VA NET) IMI BFZERr 584 Basic mathematical studies on dressed photon
phenomen (2020 2 A); ¥ A - 747 - 4 Y XA M VS, No.19, p.152 (2020).

[2] T.Kawazoe and M. A. Mueed and M. Ohtsu, Appl. Phys. B, 104 p.747-754(2011).

[3] G.=a V&, L. 7V IV—X, MHGaE - B RPN ERE] SRS, 1980).

[4] B8 3, (74 by TV —F 1 v 7 kG 20 2] 2021 FERFAAMEEHS, 12a-N202-4.
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ATl BB EE EOREBOMRIZE IS BETHADOHLWT Tu—F 22T 5, &~
FETHETOREE, WANLRNAREEZE OB EOERKE ZD EOREE LTERT 5.

BRE LB EORBOMEEZHWS Z ik b, BEERHEG S U T OMX GRS & IF v Hui
G L U COR TG 2 BEEIHATE 5, RBWE 5RO HNE T 58RO
FA79 57 Tu—F L OBRMBIRIZOWTHEHL 5,

2021 EBEDARFELIB I HHEHIZB VTR, v 70z afiibEIns 3 TafaihdHig] 204
L. TN o DOROFEERER (X 51— BITITHREOBIENZBEREEZHE ToBEEZ (2
OFRBOFIIE TELY T4 O 2] IZBWTEAINL), TOE LD TERE 2ZA5Z L
ERIEU, £/, TOLOHSHORBPEKE LT, —RibThREOM L EALTE
P, TR (TR R 2 80)) Lz THfFHE] 23638250 THS (Z
DERMEOYFRIEIRIZ, REBEED [ VX =T 24 AL LTORIE] [1] LW RAIZE-T
HfEE 72%) & U7z, F7z, 2021 EKDOARZRITE I 2BV TIX, BFHE2ERKE LT
Lo, D (JFFT) REZLE2BERK EORELZLE UTRAS T T 7 2IBIEL -,

AFHIZB VT, Zho OFEHIZB W TRITMICIREI N T A1 77 2 A U 72503 [3, 4]
WZEOE, ZoH LW T —FOBRE ERIZOWTRR S,
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RHHTIE, C-RENWETRICBI 2> 2L 74 YA —fBICOVWTERT 5. BT,
BHEETHERCMENZEGREHERTRY, BETHIREBINI2BREAHERETRLDH 2, &
FHERIIH LT A~IL S22/ ZE W ETH 52, EEBHEE TR TIEIEE
SHERZR DT O L XD AR S TRIGRNLZNEED D o THRA RWHZENNEL D, ZD—
OHERZEREL (operator algebra) 123D BTFMDERNTH D, D —RILFEHEAD C-R
Beiifis s C-REBNETRTD 5,

FLHALENTVWDE X 51Z, YaL T4 Y H—HRTIE, CREZORED) B/ Ic k- Tl %
XN 2 RDIREER 2N S, A#HETIE, C-RENEBTRIFEOEELZEZEL, ¥ TT
B LTHBRMNCHED TF2R0EDH 5, Z 2 TR, ERHEROBER LI % E %
RizF (1] T4 7 v 7 OERIERE, FLrofataXNeid®Ziad, EREOKREOIEELDE
DR TH 2, BEHERE RINCERT S I2I2&D, BTRICBY 24 IREER 2 5iib
T2 ESERREIC LIz, 2 LT, BBEREZHVTY 2L T 1 Y -G TOREBELZE
i ERL L 72

X5, ERHEROMGmTBETHEER GO 5, MERMITHE A RIRE «té@?éhﬂ

Z, WEIZX o THIEEED X —X =251 E N2 HEE IREZRE DT 2 2 & THBIATRE
23 2EARREBICHE S 7 Tn—FThHs, 28FHEORENY Fu— %pni/lvr4
H—RICHE DSV T VS (N B~ 2GR TOERIL 3] dPHEIICIIFRISICERETH S),
A, C-REMEFmIcBLTE s X —Ham e BN R E TFHEEROERLEIT- 72 4, &

THEHROFIMEETH 24 YA MUY D C-REOBEICBOTEL 7 X —D7BEZ(TS
FREEE CTHS Z itk 5,

DL odimE, WHRZI TR T2 Y 74 OB 5100 E-E2/LbDTH S, /2L,
T2 V)74 OB 2IZBEORNRITONTORNBD LT ERR S,

HE Xk
[1] RS 195, RIMS kokyuroku 2010, (2016) 69-77. http://hdl.handle.net/2433/231579

[2] K. Okamura and M. Ozawa, J. Math. Phys. 57 (2016), 015209. https://doi.org/10.1063/1.4935407

[3] K. Okamura, “Measuring processes and the Heisenberg picture,” pp. 361-396 in Reality and Mea-
surement in Algebraic Quantum Theory, edited by M. Ozawa et. al,, (Springer, Singapore, 2018).

[4] K. Okamura, Symmetry 13, (2021) 1183. https://doi.org/10.3390/sym13071183

[5] H. Saigo, M. Naruse, K. Okamura, H. Hori, and I. Ojima, Complexity 2019 (2019), 1490541.
https://doi.org/10.1155/2019/1490541
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EFUA4—7U - FLAMAEFOEEICHT DR
Sensitivity of quantum walk and dressed photon to perturbtion
Mohamed Sabri(RitX), O #)Il #tE (BEEX)

Mohamed Sabri(Tohoku Univ.), ©Etuo Segawa(Yokohama Nat. Univ.)

RUAREFITBWTIE, EMICRRRGHTCEED Z AR NT WA N [1], D%
BOFOMZHBEIEIRET VA —TETIV (2,3 2FAD. ZORTYF— I ETIVITERHRE
IR 2 BRI BV + — 2 C, RIS TR T 70thh 6 —DIEHM u, 238, T ZIZETH)
EMZT-HO%RERRGMHE U THART. REBPHMCRE Lz Ei2, ZoEHEMANS -
TESIZB T 2 HERNED LS RENPIZDNTEET S,

W2 7% G=(V,A) £ LT, 2O TOHFTEHERED/SA (=tail) 2 d 5. 2D
RS 7% G=(V,A) &35 ZOBTI+—2D2EMIIOAMLBIZE > TERINEA
2 MVZERE CA & 72 5. WERIFSERIZ A TE S T Grover matrix 2 IEEN 2 6 O TRIESES 0 5\,
U DEZAET 1 OB ERBET L% CA O R VIEAETH 5. HIHREE ¢y € CA 13—
EEDETEIERRLIRAT 2 £ D122 5. THLENHT T 7 GIZHIRT 2L, HERERD
ERIZIRT 2 [3]. T2L, AMETIHIRO SR & &AL -

Theorem 1 ¥— 2 IN7ZTHM u, DIHNHERZRKIZTHREZ ty £ BL. BRI T 7 Ky i
LT,
1. ty = O(\/N)
2. EHMHERITIRD LS 12725,
1/2 DU = Uy
foo(u) =
1/(2(N —1)) : otherwise

3. AT Y T n > Nlogc®N/e? 2 51F (c 1FARBEE), |[thoo — tnl| < €.

1 DHOERIZEK D, ¥ — 7 SN THAOMHMIER 2 R KITT 2% 2k X 21T X, £ DR
FOWN)THY, HEROBFHRT NI ALIZBIFEAE—REFEUA—X—Th5. %7,
ZTDL EOHKRAMRIIADRL 12 ETHE. TUTHN—, TOXAIVIIZEVENTS, 2
DHOFRIZKD, ¥ — 27 INTHATOHNHERPEFREOFTLEL THROND I LIZRD
Do, UIE6 T o2 bR ThRIX I V. EOMELRIT TWEREMNIE, O(Nlog N) FEET
HBEVIDNIDHDOERIZZRS. WODLETHRET LIV XALIIBWTIE, ¥ —273IN/zH
OOTFAERERIZ, WL O(VN) O A TR 2 2 DI LT [4], ARBF%ETIE, 2kl
D ENZGEIT, ZELVTCHATELZ L L SR, BOENZZ LIZHT D “RVVEL
TAE—=RDPELRBZEVWI N —=RAT70H 5.

HEE ZOMRD—ERIZ N L A PEFHRERD R EZ T TVET.
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HAMZEFIO+—I Ry FO—2I(128 1T 5FEROEBIRIE
The amplitude distribution of rational numbers
trapped in quantum walk networks with exit sinks
JGZLKI!, 2Y—5>HY—2 Blocksize Capital GmbH?, #HEREKX 4
O F|L ' #EW BN  Hynek Lavitka', I fRAE ¢
Hiroshima Inst. of Tech.!, Freelancer 2, Blocksize Capital GmbH?, Yokohama Nat. Univ. 4
°Leo Matsuoka!, Kenta Yuki?, Hynek Lavi¢ka’, Etsuo Segawa*

E-mail: rmatsuoka.65@cc.it-hiroshima.ac.jp

A - iHEBE LIy NI =2 BOET D +— 7 FT VTEFREORM R E, FLA K
AL DRIEZEZZ DO DEBIRAAELZEEALTND, HTAITEFT +— 27 ORFHFEREIC
L oT A (Sink) P& Ry MU —7 ORERKICIRIESRE T 5ME 2R A L[1], #E T
ZOERBEEEOKRE SHPP L CTHBEEICIRT 20 ) R R REZ R L, Fy hU— i L
DR EBLET D,

KiZty NV =2 ODAZ— MAICYIRIEZ B&, BT 74— 7 ORFMREEZGEY K LS
ROFERBIRBO M OB TH D, (a) BV TTRE Loy VORIBOKRE INENENB XL
1/6 IZIR LTV D RIEITIZ 4 RO STy DL 2RKOBLTN—TTy UVREENLTEY,
16 O FRHIEZ Oy PABIZKHE L TWD Z EnHEgRIh b, —HTOITBW T, Rk
ET 7, A ORRE ETIE /14, BT —7 ECIE3/14 IR L TR Y RO
BECIRIED KB 5 Z L 22 EAURSNTW D, il & O exhin T LW oo, kb
B2 AR Y N — 71280\ T O A EROEBIREI B S D Z LIZAEETH D,

(a) b
Sink ( )
0.00 0.00
0.00 0.00
-0.16667 () Goal 0.21429 (g 2(5)
: -0.07143
0.16667 8}3322 ~0.07143
0.16667 :
-0.16667 -0.14286 0.07143
-0.16667 -0.14286 0.07143
0.16667 GX0) 0.21429
Start Start

Fig. 1. Examples of the trapped amplitude distribution.

HWEE ZORO—EIL N LA MG FIRER DO ZZ T TWET.
[1] L. Matsuoka, K. Yuki, H. Lavicka, and E. Segawa, Symmetry 13,2263 (2021).
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Effect of Impurity Configuration on Dressed-Photon Energy Transfer

#Va—!, REACFK? FLRAMEFHRER® =E &' &8 BXA? X#E -3

Ricoh Co., Ltd.}, Nagahama Inst. Bio-Sci. Tech.?, Res. Origin Dressed Photon?,
oSuguru Sangu?, Hayato Saigo?, Motoichi Ohtsu3

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

1. [FC®IC

RUA METFOESRIC E VFHH SN D% OO EN H 5, Bl 21X, MERERAEERTH
%) ary OFEBR0. FERMERTH DB LN X 2 BERBEEEFNRR] 7 ENFm BN T
W5, ZTHHDIHEREIZ RV A T 74/ (OPPYER T =— L LIFFEN D, ez sl X 0 IR
LMD R—=_0 b (OREiY) % 22f155A0 S €5 INTHEE AW TER L7257 31 2B W CHEIE
S, R R MHFEI LT 0O B AR 72 LR OB DS B RE R B D B B2 5 2 40 5 T
W5, KX TIEZOBENRMERDOE#ICOVNT, ZNE TRMNZED TEHEY I 2
— 3 a UIRIT AR D NG B 2 OMBRBIR Offs il D, BRI, K& T D1
DEFEFF 2 Z T RICBIT D F LA MEFoORERER X OHGRERE 2 Rk U, R 2R A
ENFRIND A= ALIZONWTELET D,
2. EVzaL—v3y

AL OB I 2 Lb— a2 TlE, FLA MEFZ 7 — FIZHE S FfIRE) 1 & 7 L,
KLU A RTD ) — FEZSNBEETE 26N A8RMAEERZN L TBEIT 281 %, *ﬁ%
REEZ FLFREE & L7 B TH ORISR TR LV KRBT 53], 22T, Az

F—HMEZ KN/ — FICBT 5B OBERE T 72bb FLA MEFHEDOER L“C—’—?z é’)o

Fig. 11%. 2 oDOXKMa/ — K%, 358 — R&2 oA TRE LIZBEICoWVW T, FL A MEFTF
TEfER (EFIRIE) D2t a H ﬁbk%%?%éoit\H92ﬁ%®%@%@§%%~P@
Kok, BEFEETYIONAEE GUEZH) ICX O LR RoREx) 2RL0
TWb, KM/ — FEFIZIZ, K/ — ROINELKE 7 — REIOINL SIS K LA 70
B3 HZEME— RBEMH L SN D3RR T D,

3. EX

DPP EHl7 =— /MI RL A NET %, ab—L oy h 74/ U ESDRATIE S L, F0FEkk
HA M OFEE = RV F—Z B FrEDMEICEET S b0 RSN TS, Eikokk
WY I2lb—ya r THHFBEMHOREE TIIEDTE LT, EBRRULOFIRIZIIOOAR 5 S
DY . BHERBRZED TS, —F., NMOREICHEIE LIZ22ME— FOBRGIL. Fo=x
VX —HER ORI &ﬁbéfa%&%iﬁsz\éT EMEDN D D, GRIHTIX. X 0 7 B AT %
BINL., Rl B AR Z2ALER ORI OW Tl e D 5,

40

(I I A N I

30 Defect position

0D Ea D o e e
O mm o U gl

Fig. 1. RL R MTHIEMEROZER /AR Fig. 2: JEJELHS DT EHRZEMET— R

S5 Xk

[1] M. Ohtsu and T. Kawazoe, Adv. Mat. Lett. 10 (2019) 860.
[2] N. Tate, etal., Sci. Rep. 5 (2015) 12762.

[3] S. Sanguand H. Saigo, Symmetry 13 (2021) 1768.
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FLR REFZAL=FRS Si-LED OB 53 ## PL AIE

Time-resolved photoluminescence of Si light-emitting diode for infrared wavelength
using dressed photons
BELCZIEM®)', FLXFEFHEER?
OPFffE Rth !, IR B, BE HE, KE -2 £EF #E L [AHF
Nichia Corporation !, Research Origin for Dressed Photon 2
°Takuya Kadowaki !, Tadashi Kawazoe !, Masaki Sugeta !, Motoichi Ohtsu 2, Masahiko Sano !,
Takashi Mukai !
E-mail: takuya.kadowaki@nichia.co.jp

[IZTC®IZ] 2 ETHL T FL A MEFOP)EMIC LY Siflsnz AW RIMROFE LR . %
HFEFOBRFEZITV, EOZIFFHEIZ OV TIE L TE[1,2], —FH T, SiFLFEFORFHE
BICBIT 2 HEFNTD e, ZAUTRIMEIE TO Si BT ORERBEFI N 72 < . HOMRIME
TR CEX D RBAORENRONL2DTH D, 4, BEEHE L HRHEH(SSPD) &
FAWTHex DB L7274k Si-LED D[4 PL HIE 21T > 7=,

[BFER] n B Si ERIZBIR 524 A7 EAL p BUZEHE LT-1%, EMZEZFAKL, 1 mm 4
WZHE b LTz, fFR LR FIZDP 2R LS HWAESE D720, DP 7 =—/L &I 2 BEE %
AWz, ZHUTEREAIC LD Y a— BT =— L b L—F— RS (FE 1.3 um) Ik 5554
FHCE R D H & & RIRFICATV, BaiiZe B IR0 O HARRERZ (2T b O ThHh D, EOfE
R RSN HEILDP 200 LEEFFE N AE T, DP 7 =— /L OBEDOBEH = R L ¥ —12 i
InNsFEN Otr7 IV —F 17 :PB) BAlREL ko7,

[328k - 28] \F£A72 DPSI-LED @ PL A< kL% Fig.l \ZRT, Ko B EH B 2R
L. fkfiE N REER L DP 7 =— MICHWEEREFRANO Y —27 TH U A TT 4 v T
g7 Lf:ﬁﬁ*%%%@” PB 215 & LT, DP 7 =— /L ORFEROMEICRICENRNTND Z
EMMD, PERLIEHFE R Y a0 A L —H (R 800nm, #: Y K L 80MHz, /3L Al
2ps)’C‘J73)JEL SSPD & TAC % N7z RF A BE G301 E 217 - 72, Fig.2 1Z(a)DP Si-LED Jz(b)
—A7e pn #EE & H O Si e PL WEFHELZRT, DP 7 =—/L L7=RK T ORNAEMFm
036 ns THY, —fRAHEEER HEIRO Si ORNEMHEMEIVFLIFE ko TS, =
X, DP 2N L7274/ VEELIC L DB ERHENE L DD T, BAEFFREENEZ VLT 2D720

ThdLERD,
: (a) 100 ——— (b) 100
3000 -
.| T 120 ps
; \ hVanneal = ©=0.36ns 3
-‘E 2000 | 3 -E
2 \ = 2 |
2 1o | / \ B 10" T 10t ”J ‘ |4
8 \ /N 5 . 5 I} ‘
£ ! b\ £ e
g A : B H
a \ \ o a
500 / /) . \\\ ’ |
e L e 10% 10
900 1000 1100 1200 1300 1400 1500 1600 0 1 2 3 4 5 6 0 400 600
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Fig.1 PL spectra of DP Si-LED Fig.2 Decay curve of time resolved measurements. (a) DP Si-LED. (b) Si p-n crystal.

(1] P, JIER. K fth 265 67 RIS HEL R S BRI (2020 45 3 A) 14p-B309-16
[2] P, JIER. K fth 265 82 MG MBS KT (2021 4 9 A) 12a-N202-1
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DPP 7 =—— )L CER L -=RE Si JREET
A highly sensitive thermometer fabricated by using DPP annealing
BEEFTERD, FLAMEFHZRSR 2 R B, Mgt | KiEgx— 2 &% HE ' RHEE
Nichia Corp?, RODreP?, °T. Kawazoe!, T. Kadowakil, M. Ohtsu2, M. Sano?, T. Mukai?
E-mail: tadashi.kawazoe@nichia.co.jp

FLRMEFZ4 /> (DPP)7 ——ILIZIEA A ER
ENNIZ&>TRIBF—/\U O HEEZE R R4t
THL—HF—XTHIE. BEINSELIZLENTSE
BF7=—ILiETHD. COFERMIEEBELEHK
THD SiT)aAV)BHEAEMHELTOMEELE
/BIBLELELIC. NUF Xy T EYLEREAMIC
ZRBRERFENEND, BEOFEDLAYESE
KIZTDPP 7=—LEDRFOERFHEIEIKE
RAEERFEEEL. REIFESELTHREET S
= TORETFHAERICHLIERETSH 10 1L
tEVWE XEGEREXFHOERTREES
DRI THAHEDFREMZHRE L=, SHE. &
URAISEWMEWALLTHIROEREREE
AVTHENBERBRETo-0OTHRET S,

Si-on BEFFITHEE:13um, /N7 —:
160mW OL—H—%ZEREL. EAIEARETR
150mA #ENIN$ %44 T DPP 7=—)L%1To1=,
(FFD IV HFECREEXRFEEZ 2021 £5OD
CAYEERFREEZSR), F8LE-FRFOR
EREEIXEE 30~40°COEEATEEND Y —3
RAAMD 10 FEFEKREEoT=,

SE. EBEHFELE-TREREREIE
FLUKE #t Super-DAQ1586A T#hd., T1-. —Di
B ALERICROSRELGRER A TEE
RO 10KQDY—IR2ZELERRICLE, =
DIGEEDRERTHREENE 1004 °C. FHABE
[T 2m°CTH 3, L) DPP 7=—ILIZ&>THEH
LE=-RFOEREICHLTEEERFEEZRIEL
BERELLTHBIIELZATLV N DR
EREMREIZE>TEESNZILE, QBRER
EAEARBIC Steinhart-Hart equation ZFALNTAT
hbhdf=0. ThEIEREGLHEKFEICES DPP 7
=)L TCHEE SN BEFIXERGRENHL
WE, D= >0OHEAMS., Super-DAQ1586A MDiE
REtAE—FZRAVLTHREL,

HRAAEEIERZHAHALEOE. ER+
S5CIZHRELI=RYFTL—F(28°C)IciEfSE 1=,
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I-1 Keynote speech

M. Ohtsu (RODREP), “Recent progresses in experimental studies of dressed
photons for off-shell science theories.”

Abstract: This presentation presents recent experimental results derived for promoting
theoretical studies of off-shell science. It focuses on two essential phenomena. They are
generation and energy transfer of dressed photons (DP). The former is found by
evaluating the features of the light emitted from a silicon light-emitting diode; it exhibited
antibunching in spite that it is composed of multiple photons. These photons imply the
boson with spin 0, as have been theoretically identified by Sakuma. The latter is the
experimental evaluations of DP generation efficiency of fiber probes. It agrees with the
numerically simulated results based on the specific quantum walk (QW) model developed
by Segawa. This agreement suggests that the QW model can be used as a powerful tool
for analyzing the autonomous DP energy transfer that has been observed by a series of

experiments.

[EFmRE]

RET—(FUVRA METFHRER) . (7 VRREEROLDO FLA R
FEBRROER

BEME AHETII R LA M OP) IS 5 —oOREMBE (DPOERL
X —B#) (BT A ERMER AT L AT v = VRE IR O AT &
LT 2, BIF IR ) 3V R A 4 — R0 b HEHET 203 RO T2 5
Y MOBRIKE LTHAT T AT T OREE R T ERER TH D, T
(T AR 23 B4R L 72 DPAE R BEGR TEANT 5TV D A B 0D R Y T 5his
Th, BHEEZT 7 AN T a—T ORI TOPEENROERERTH S, N
TN XV SN BT U+ — 7 BT MCE S MG R R EEL LT
BY ., 77 ANT 0 =T HODPO )T X — BB OB ORI
EEZbND,
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I-2 Invited speech

S. Sangu (Advanced Technology R&D Division, Ricoh Co., Ltd.),”Considerations
on dressed and free photon conversion and nanostructure formation.”

Abstract: It has been experimentally shown that chemical processing and dopant
annealing under light irradiation induce autonomous nanostructure formation, and that
the dressed photons play important role in the structure formation. On the other hand, the
theory to explain these experimental situations are still inadequate, and a development of
practical theory is expected for applications such as device design and optimization of
device fabrication conditions. In this presentation, the conceptual model for the
conversion between dressed and free photons is applied to the formation of a

nanostructure mediated by the dressed photons, based on numerical simulations.

[EfE 7 % —2 b OfFFEE]

ZER RStV a— SESRBENrERT) . [V X MEF—HBETOERHR
&I BERRICET 5B

BEME AR LA S LRI T R—30 O T =— VALER A 1T 9
L CTHMEMEEEEA S SR I X, ZOMEERIC LA NET N EE
IeREE R L COD Z ERERITRINTWND, —FH, 20X 5 235k
EUAT AHMIIRATH Y . T34 ARHT ANA AERIE e EOBLR D
5. FEHAARERHROBENHE SN TS, AEETIL, 2N E THEZ2ED
TEFVAMNEFERBBEETOEBICEDAIMEET VE, RLANET%
ME LT 7 REEERICER T2 6%, BUEY I =2 b—v a3 & ot
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I-3

I. Banno (Yamanashi Univ.), “Theory of Quantum Dissipative Structure associated
with Dressed Photons.”

Abstract: The photon-breeding (PB) process [T. Kawazoe, M. A Mueed and M. Ohtsu,
Appl. Phys. B 104, p.747(2011)] makes light emitting diode from the indirect-type
semiconductors. For a long time, such the materials had been believed unsuitable for light
emitting devices. The present theory describes the light emitting from the photon-
breeding device, referring to the non-equilibrium thermodynamical theory of dissipative
structure [G. Nicolis and I. Prigogine, “Self-Organization in Nonequilibrium Systems”,
Wiley (1977)]. The dissipative structure appears far from the equilibrium by balance
between the entropy production in the system and the entropy dissipation out of the
system. As suggested by the original theory, it is essential for the quantum version theory
to treat the non-linear and open system. Our theory starts from the action integral in the
non-relativistic quantum electrodynamics, and considers the nonlinearity employing the
immanent vector potential, that is, dressed photon, and adjusts the causality and anti-

causality together with the gauge function of the open system.

RER (LBKRZFIFEE) . [FUVRA N7+ FUoREL3ETFRBRGREBEOE
Gl
BEME: 7 T =T 0 7 REERE [T. Kawazoe, M. A Mueed and M.
Ohtsu, Appl. Phys. B 104, p.747(2011)] 1%, BWHFEIET A AR\ E T
HHEELONTEMEERN TSR NN AT — REeD 5T L&
L7 BERTOIHEII T A T V=T 0 T T A ANBORNE, IR
@I Ao EDOHEH (G Nicolis and 1. Prigogine,  “Self-
Organization in Nonequilibrium Systems” , Wiley (1977)] ZEF—7IZE
WT2HDOTHD. BEEITRNTOZ Y ha B —4R &R ~D= 2 b
BN 7 ‘/XC’ Ko TN HEWE Z AL ’fﬁﬂé B IR O B &
DOHEFEHBEDO - OIZIE, TOHEBmNOLRIBIND L9 étlff?ﬁf%ﬁoﬁﬁﬁ&;ﬁ%
W Z LB _7265. Z O ILIEAE 5w R O @Aﬁ%j}%@ﬁgﬁﬁﬁ/\
HH L, WIERZ MAVERT vy, DFD, RLARTZ 4 b kY %‘Eﬁﬂ%
ABEE L, o, KRR ENFEREROPFE, KO, F—VBEBOHRELZITH> 2 &
TR ZRLR 3 5.
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E. Segawa (Yokohama National Univ.), “Comfortability of quantum walk.”
Abstract: A response from the surface of the internal graph is obtained by sequential
input of quantum walks to the graph. This response tells some information on the graph
structure. In this study, we will observe not only the information on the surface but also
its interior induced by quantum walks. To this end, we introduce the notion of
"comfortability" which gives how quantum walkers are stored in this graph for large time
step; that is, how quantum walkers feel comfortable to this graph. We show that the
comfortability can be expressed by some quantity of the graph geometry induced by

quantum walk.

WA BEREMKRTE) . [BEFU4+—27 O Comfortability]
BEEE N 7 7 L TE YA O biAAEftT A Lickv, %
@7?7@%ﬁ#%m&b%%héo_@méﬂ%\W%ﬁ77@%m@%ﬁ%
SHZENTEDLLENHDH, ZOMETILISHITHEAT, 2O 7 70&ET Y
ﬁ~& IZE D TRmEOET) 20T, 20 THHE] IO THBIE L
W FDTDD—>DFEE L TConfortabilityd WHOMAZEAL, &1V 4+
— =D HICHERRE L L &S, EOMNED T T ZICEBEINTNDD, D
ib\5@<%w:@7§7%ﬁu%i<@bfwéﬁ_%H#éofék\_
DENET VAL THEEIND T T 705 DKM eiEE 2RI EIC
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L. Matsuoka (Hiroshima Institute of Technology), “Maze-solving behavior in the
quantum walk model on networks.”

Abstract: The study of the autonomous energy transfer of the Dressed Photons is in
progress based on the specific quantum walk model. In this presentation, we show the
recent progress of the study of the quantum walk model on the network mazes where the
shortest path is exhibited autonomously. We found the amount of the remained amplitude
on the shortest path is expressed by rational numbers in most cases, which implies the

existence of the mathematical rule corresponding to the network structure.
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H. Saigo (Nagahama Institute of Bio-Science and Technology), “Quantum Fields as
Category Algebras.”

Abstract: In the present talk, we propose a new approach to quantum fields in terms of
category algebras and states on categories. We define quantum fields and their states as
category algebras and states on causal categories with partial involution structures. By
utilizing category algebras and states on categories instead of simply considering
categories, we can directly integrate relativity as a category theoretic structure and
quantumness as a noncommutative probabilistic structure. Conceptual relationships with
conventional approaches to quantum fields, including Algebraic Quantum Field Theory
(AQFT) and Topological Quantum Field Theory (TQFT), are also discussed.
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K. Okamura (RODREP/Nagoya Univ.), “On the Schrodinger picture in C*-
algebraic quantum theory.”

Abstract: We discuss the Schrodinger picture in C*-algebraic quantum theory. In the
Schrodinger picture, we treat the state change of the system caused by the dynamics (of
the system and its environment). Dirac’s notion of transition probability plays a central
role in this context. We formulate the Schrodinger picture using transition probability in
a category theoretical way. Furthermore, we connect the theory of transition probability
with quantum measurement theory. The axiomatic approach to quantum measurement in
C*-algebraic quantum theory is consistent with sector theory and gives good examples of

transition probability in the category theoretical setting.
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H. Sakuma (RODREP), “On the role of duality field for understanding “off-shell
physics.”

Abstract: In the comparison of “on-shell vs. of-shell fields”, we think that the former
corresponds to physical objects or systems under consideration, while the latter to a
background to which we won’t pay special attention. This simple view can be likened to
the relation between a given physical system under consideration and spacetime as a
“background” with which we describe the system. In the context of relativistic situations,
we know that these two elements exist in a special interdependent way which may be
called a kind of specific “duality”. In this talk, we discuss a possibility of opening up a

novel view in pursuing off-shell science by reconsidering such a specific “duality”.
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Dressed photon and its development as off-shell science

--- What are required for comparing experiments and theories? ---
XiZz — (—#EZEAN FLR MEFHRARESR)
Motoichi OHTSU (Research Origin for Dressed Photon)
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Dynamical system of quantum walks and experimental results on dressed photon
BN BRAEGEEEILKRE)

Etsuo Segawa (Yokohama National University)
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