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The understanding of nature has been developed by separating and connecting elements in a reductive man-
ner. For example, a spatio-temporal scale can provide us a clear picture of elemental separations. In biology,
a function also gives us a useful picture to understand biological nature. Furthermore, a physical model also
improves the outlook for understanding physical nature. These divided or connected elements, namely, scales,
functions, and models form hierarchical structures in nature. On the other hand, fusion science explores var-
ious multi-scale and multi-physics phenomena, spreading over spatio-temporal scales from the microscopic to
the macroscopic. In particular, collective motion causes structural formations not only in core plasmas but also
material-facing ones. Therefore, fusion science has been an excellent subject for the application of the hierarchi-
cal approach. However, some problems have emerged with the progress of experimental and numerical research
in fusion science. We often encounter phenomena that cannot be well understood by hierarchical separation.
For these phenomena, beyond the conventional approaches for hierarchical systems, it is necessary to reconsider
them with meta-perspectives, i.e., meta-hierarchy dynamics.
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1. Introduction
Hierarchical structure in nature is one of the most sig-

nificant findings in natural sciences. The cosmic Uroboros
[1] (Fig. 1), for example, well represents the hierarchical
structure of the universe with several scales from the cos-
mic horizon of > 1028 cm to the scale of a Grand Uni-
fied Theory (GUT) of 10−30 cm, using the serpent from its
head to tail. The serpent covers whole scales of matter,
i.e., quarks, nucleons, atoms, molecules, crystals, biologi-
cal bodies, stars, nebula, and galaxies.

On the other hand, in biology, there is an alternative
picture of hierarchy, functions. In this sense we can divide
creatures into proteins, cell membranes, cells, tissues, in-
dividuals, species, and ecological systems. Furthermore,
in terms of a physical path to understand nature, we have
another hierarchical approach, i.e., models such as particle
model, fluid model, turbulence model, bubble model and
so on.

The point of view of the above hierarchical picture
is that it can give us a clear understanding of nature. In
plasma and fusion science, approaches based on the hierar-
chical picture have also provided significant insights such
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Fig. 1 Cosmic Uroboros which represents the universe as a con-
tinuity of vastly different size scales.

as the Macro-Micro Interlocked (MMI) method [2,3]. The
basic idea of the method, which is a kind of connected
hierarchy algorithm, is performed as follows, as shown
in Fig. 2. At first, when a phenomenon occurring at the
macroscopic scale reaches a situation that has a significant
effect on the micro scale, the information is transferred
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Fig. 2 Schematics of the Macro-Micro Interlocked (MMI)
method. The information is transferred from the macro-
scopic to the microscopic scale. Then, a simulation using
a microscopic equations is performed.

from macroscopic to microscopic. Then, a calculation us-
ing microscopic equations is performed. Next, the infor-
mation derived from the calculation is transferred to the
macroscopic scale. Finally, it is possible to simulate how
the transformation develops into a global one.

However, we also know from our predecessors’ stud-
ies that multi-scale and multi-physics phenomena involv-
ing complex processes and hierarchical structures cannot
necessarily be solved or explained by conventional scale-
based approaches. In order to study their physics, a meta-
perspective approach to hierarchical structures, i.e., meta-
hierarchy dynamics should be discussed. Therefore, we
would like to share the issues among fields studied sepa-
rately and develop research, including exploration of plau-
sibility and conditions of the hierarchies and their static
and dynamic characteristics. Although the themes that will
be discussed in this paper are specific and concentrate on
plasma and fusion science, almost all of them include com-
plex and composite processes, and discussions can be ap-
plied to general features in this complex science.

This paper is organized as follows. In Sec. 2, conven-
tional approaches to hierarchical systems in plasma and
fusion sciences are introduced. In Sec. 3, we discuss the
difficulty of the conventional approaches based on scale
separations. Section 4 will be assigned to discussions of
problems in the integration of the differences in scales and
models. In Sec. 5, the paper will be summarized.

2. Conventional Approaches to
Hierarchical System
The first approach to multi-scale and multi-physics

phenomena is to try to understand each elemental part of
the physics individually. In terms of elemental reduction,
once the elementary processes are understood, it is ex-
pected that the next step is to understand the whole by
integrating them. For example, in the case of plasma sim-
ulations, macroscopic phenomena are solved by magneto-
hydrodynamics (MHD) calculations, and microscopic mo-
tions are solved with particle calculations such as particle-
in-cell (PIC) method. In order to integrate them, there
are various levels of integration. A simple way is that

the microscopic information from PIC is given to MHD
as input parameters. As a higher level of the integration,
the way may involve coupled hierarchical simulations in
which PIC and MHD feed back into each other [4]. In the
material research field, it has been also studied that macro-
scopic strain deformation and heat conduction in solids are
solved using the finite element method and others based on
continuum descriptions, while the behavior of atoms and
molecules is solved using molecular dynamics (MD) and
density functional theory (DFT) from a microscopic view-
point. Nowadays, the concept and approach of multi-scales
and multi-physics have become commonplace. At least, it
is common practice to use different systems of physical
equations for the macroscopic and microscopic physical
pictures.

However, conventional elemental reduction is not nec-
essarily effective for all problems in complex phenomena.
In other words, there are still problems that cannot be suc-
cessfully explained by understanding the elemental pro-
cesses and their integration. The current trend in various
fields is to seek new approaches to these problems. When
the scale separation behind the phenomenon is sufficiently
effective, the approach of understanding and integrating in-
dividual elementary processes works well. In this case, we
regard the scale length of each elemental physical process
as the characteristic one, and then we consider the effects
of multiple different scale lengths for the complex pro-
cess. It is probable that if the scale gap is large, the scale-
separated description is a good approximation. Phenomena
with a large scale gap and easy scale separation, however,
are not necessarily easy to integrate. For example, in or-
der to transfer microscopic information to the macroscopic
scale, it is necessary to understand the correspondences
that bridge the difference between microscopic and macro-
scopic descriptions. The question of whether macroscopic
physical quantities and continuum pictures can be defined
by microscopic physical quantities from particle pictures
has been historically addressed since Irving-Kirkwood [5].
And in the case of large scale-gap problems, it is important
to consider a statistical correspondence between macro-
scopic and microscopic degrees of freedom. In the re-
search field of condensed matter, the construction of sta-
tistical correspondence often starts from assumptions of
local equilibrium and the principle of detailed balancing.
This is because their problems are targeted at relatively
low temperatures. Modern plasma fusion research covers
problems under strong non-equilibrium conditions, and the
correspondence is not always satisfactorily developed.

Even if a method for transferring information from
a microscopic physical process to a macroscopic one has
been established, the opposite, a method for transferring
information from a macroscopic to a microscopic process,
may not have been established. Therefore, it is difficult
to develop truly coupled simulations that provide feedback
from the macroscopic to microscopic, as discussed above.
Furthermore, even when macroscopic and microscopic de-
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scriptions are well established, a physical description of the
meso-scale structure is not yet established. In solid ma-
terials, for example, the meso-scale structure is the grain
boundary structure that lies between the macroscopic con-
tinuum description and the crystalline structure that results
from the arrangement of atoms as a particle image.

In addition, the development of computer is also re-
lated to these problems. Since the rapid development of
computers has made it possible to handle large degrees
of freedom in simulations, there have been many studies
with aspects of numerical algorithms. However, the evo-
lution of computers has not necessarily progressed in the
desired direction. Although the degree of parallelization
has increased, the clock speeds and memory access speeds
have not. Thus, although the number of degrees of freedom
that can be treated has increased, the number of simulation
steps has not increased much. Namely, the spatial scale has
been increased, but the time scale has not been extended.
In this situation, if the time scale gap is too large, the statis-
tics needed to bring the microscopic information up to the
macroscopic scale are not sufficient.

3. Difficulty of Scale Separation
The simplest approach to multi-scale / multi-physics

problems is based on the assumption of scale separation
and the perspective of their integration. However, as dis-
cussed in the previous section, the challenges of integra-
tion, such as with meso-scale structures, may be viewed as
the essence of the difficulty, which is that the act of scale
separation itself is difficult. This is also the case when the
physical processes that are complex and elementary cannot
be sufficiently identified. The difficulty in the scale separa-
tion means that the distance of the focused scales from mi-
croscopic to macroscopic is very close, with a small scale
gap. In that case, we cannot establish a way to evaluate the
phenomena with sufficient approximate expressions. Our
problem is that in multi-scale and multi-physics phenom-
ena, the description and understanding of scale-indivisible
physical processes with small characteristic scale gaps is
strongly needed for overall understanding.

Here, let us delve a little deeper into the issue of
scale-indivisible physical processes. When the character-
istic scales of macroscopic and microscopic physical pro-
cesses are close to each other, what is the description of
the macroscopic side? For example, if we consider the
many-body distribution function as the starting point of the
microscopic description of a continuum picture, the Boltz-
mann equation can be obtained as a one-step higher macro-
scopic description with the one-body distribution function,
where the BBGKY (Bogoliubov-Born-Green-Kirkwood-
Yvon) hierarchy [6–10] exists. In the establishment of a ki-
netic equation, the approximation of dropping higher order
terms and being restricted to the collision terms of the two
bodies is nothing more than an assumption of scale sepa-
ration. For further approximation in constructing Euler’s

fluid equation from the Boltzmann equation, Maxwell-
Boltzmann distribution is also assumed, with respect to the
distribution in velocity space. This corresponds to taking
out only slow motion, which is also a scale separation. In
general, there may be cases in which such scale separation
assumptions are not valid. For example, it is not sufficient
to discuss magnetic confined plasma turbulence only by
MHD equations. In that case, simulations using kinetic
equations should be performed, even if they cost more.

Next, let us consider how a microscopic description is
affected when the characteristic scales of the macroscopic
and microscopic physical processes are close. Supposing
that the microscopic side is described by a particle picture,
the effect of the macroscopic physical process can be re-
garded as an “external field.” In that case, the effect of
the external field can be solved. In comparison, a situa-
tion with a smaller scale gap can be called a time-varying
external field. In most of these cases, it is not realistic to
obtain an analytical solution, except for special cases such
as an external field that fluctuates very slowly or cyclically.
Numerical simulation can be used to analyze time-varying
external fields, but it does not always satisfy the objective.

3.1 Plasma turbulence
In plasma turbulence phenomena, the scale gaps and

separations are quite significant. In plasma, light electrons
and heavy ions are mixed together. The mass ratio of elec-
trons to ions is in the order of 1000. Therefore, when the
description of electrons and ions is separated, the distribu-
tion of ions, which is an external field for electrons, fluctu-
ates at a speed that cannot be regarded as “very slow.” In
fact, magnetic confined plasmas also encounter this prob-
lem in understanding turbulence. The fluctuation spec-
tra of general turbulence phenomena often exhibit power
laws over a wide range of the wavenumber space, making
scale separation inherently difficult. On the other hand, in
the problem of microscopic turbulence developing in mag-
netic confined plasmas, scale separation has been consid-
ered possible because instabilities caused by the motion of
ions driving the turbulence and those caused by the motion
of electrons exhibit a gap between wavenumber scales on
the high and low wavenumber sides of their Fourier space.
However, with the recent development of kinetic turbu-
lence simulations, it has become possible to solve the ion
and electron scales simultaneously and collectively, com-
pared to calculations daring to restrict the solution to the
ion or electron scales only. Neither of the calculations
agree with each other, and it becomes clear that the ion-
scale and electron-scale motions affect each other through
zonal flows and other nonlinear processes [11] as shown in
Fig. 3.

A more complicated question is whether scale sep-
aration modeling is valid if the scale gap is sufficiently
wide, which is not necessarily the case. As a specific ex-
ample, in addition to the importance of the multi-scale in-
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Fig. 3 Poloidal wave number spectra of the time-averaged elec-
tron energy diffusivity for electromagnetic (β = 2.0) tur-
bulent plasma. The solid (red), dotted (blue), and dashed
(green) curves plot the results obtained from the full-k,
low-k, and high-k simulations, respectively [11].

teraction of ions and electrons in microscopic turbulence,
the interaction of microscopic turbulence and macroscopic
equilibrium distribution beyond scale separation is another
important recent issue. There is a gap of more than 105

from the confinement scale to the electron scale. Phe-
nomena such as localized turbulent fluctuations and trans-
port fluxes propagating globally in the plasma like an
avalanche, conversely trapped and localized by zonal flows
and radial electric fields, and solitary structures caused by
these fluctuations superimposed on the macroscopic tem-
perature gradient distribution have been revealed by global
kinetic simulations [12].

Furthermore, in the laboratory plasma experiments, an
interesting result has been observed, slow transitions be-
tween two distinct turbulent states with different temper-
ature dependences [13]. Such transitions among multiple
states in magnetized plasmas, which are predicted based
on the statistical theory of plasma turbulence [14], will be
studied in terms of the meta-perspective approaches to un-
derstand the hierarchical structures in plasma turbulence
physics.

3.2 Material science
The scale-indivisible problem associated with the pre-

vious subsection is also true for the analysis of atomic and
molecular processes and materials. To explain the proper-
ties of molecules and materials, electrons should be solved
according to quantum mechanics, and DFT is popular in
recent research. Here, the nuclei play the role of an ex-
ternal field for the electrons and are basically fixed. If
we want to track the movement of the nuclei, the Born-
Oppenheimer approximation [15] is generally used, in
which only the “static” electronic density is solved quan-
tum mechanically on a stationary atomic configuration at
a certain instant. The force received by each nucleus is

calculated from the electronic density, and the nuclei are
moved for a small amount of time. Namely, the state and
the equation of the motion of nuclei are solved alternately.

However, there are phenomena that cannot be ex-
plained well by this method based on a scale or model sep-
aration. One such phenomenon is the quantum effect of
nuclei in the motion of light atoms such as hydrogen and
helium. In fusion reactor materials, the diffusion process
of hydrogen and helium adsorbed in the first wall is an im-
portant issue in recycling, and it has been reported that the
effective change of diffusion coefficient due to zero-point
oscillation and a tunneling effect as a quantum effect of the
nucleus takes effect even at room temperature [16]. Fusion
research is a good area to investigate the quantum effect
of nuclei for situations such as hydrogen isotopes, which
chemically interact in exactly the same way but differ only
in mass.

The other is the dynamics of electrons themselves in
plasma-material interaction. Generally, the particles ab-
sorbed from plasma onto a material surface are charged
ions, and then they are neutralized by the interaction on
the material surface. The neutralization process is typi-
cally the dynamics of electrons. In simulations of plasma-
material interaction such as MD, historically, this process
is ignored and an incident particle is replaced by a neutral
atom. These problems commonly cannot be presented by
scale separation with the Born-Oppenheimer approxima-
tion.

In addition, we would like to mention that the mass ra-
tio of light elements such as hydrogen and helium to metal
elements such as tungsten, is in the order of 100. Even
in such cases, scale separation may not hold. Here, let us
consider a diffusion process. The diffusion of atoms has an
aspect of statistical properties that can only be seen when
the results of long time motion are observed. Therefore,
dealing with hydrogen moving diffusively in a metallic ma-
terial, we keep the problem as simple as possible and solve
it only for hydrogen. Assuming that scale separation holds,
we would make the metal atoms a stationary external field
and treat the motion of hydrogen in that external field. If
the external field is stationary, the motion of hydrogen can
be modeled only by the barrier energy due to the external
field and can be regarded as a jumping (hopping) motion
between local minimum sites. However, such a model does
not work well at high temperatures when the thermal vi-
brations of the metal atoms become non-negligible. This
makes the approximation that the external field is station-
ary a bad one. The actual barrier energy and force acting
on the hydrogen atoms fluctuates from moment to moment
due to vibrations of the metal atoms. Moreover, it is not a
linear or periodic change, but a “fluctuation,” which is dif-
ficult to handle. This can be regarded as a scale separation,
which consists of a large mass ratio, becoming indivisible
at high temperatures.
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3.3 Generalized example
From here, we explore the more general issue of what

happens when the scale gap is small in modeling while em-
ploying an “external field.” For this issue, let us consider
a particle moving in a potential or external field, as shown
in Fig. 4 (a). The potential is assumed to originate from a
physical element belonging to another physical process. If
the gap between the scale of the particle of interest and the
scale of the physical process from which the potential is
derived is large, then the potential is time-independent for
the particle. In this situation, let ∆E(= ∆E0) be the barrier
energy that must be exceeded for the particle to move from
local stable point A to local stable point B. If the scale gap
is large, the problem can be considered in isolation, and the

Fig. 4 (a) Motion of a particle (blue sphere) from point A to
point B over an external field (solid curve). In contrast
to the trajectory following the entire dynamical process
of the solid red curve, there can be a Monte Carlo mod-
eling by jump migration using the barrier energy ∆E. (b)
The actual external field fluctuates as shown in the red
dashed curve due to thermal vibrations of the surround-
ing matrix atoms (balloons) that create the external field.
(c) Both barrier energies are distributed as shown in the
pink colored region due to the fluctuations.

particle can be moved from point A to point B if it is given
energy larger than ∆E.

On the other hand, if the gap between the scale of the
particle and the scale of the external system from which
the potential is derived is small, the potential is no longer
time-independent. Here, the time-dependence means that
the particle will be able to feel how the potential changes
from moment to moment in accordance with the motion
of the external system. This is the so-called “fluctuation.”
However, since the scale gap is not zero, the potential will
retain its original form to some extent, as shown by the
dashed line in Fig. 4 (b). For the particle, the value of the
barrier energy ∆E to be exceeded will change depending
on the timing of its movement from point A to point B.

An example of this is the fluctuation of the potential
for the hydrogen atoms in the diffusion process, due to the
thermal vibration of the metal atoms, as mentioned earlier.
The degree of fluctuation depends not on the scale but on
the temperature parameter T . At low temperatures, there
are almost no thermal fluctuations, and the motion of the
potential is time-independent. At high temperatures, how-
ever, the thermal vibration of the metal atoms increases
in amplitude and the fluctuation of the potential becomes
larger, as shown in Fig. 4 (c).

3.4 Fluctuation
A consequence of the above discussions is that the in-

fluence of the scale gap and the indivisibility of the physi-
cal process can depend on parameters other than the scale.
If this argument is applied to the case of plasma turbulence,
for example, we may regard the distribution of electrons
as the potential for ions. The degree of potential fluctua-
tions should appear as the difference between a case where
a high wavenumber is ignored and only a low wavenum-
ber region is solved (low-k simulation), and one where a
full wavenumber region is solved (full-k simulation). The
high wavenumber component is expected to come into play
as a fluctuation. The actual simulation results show that
when plasma β is small, there is almost no difference be-
tween both simulations, and that the difference increases
as plasma β increases [11]. Therefore, plasma β, like tem-
perature in a case of diffusion in the material, can be the
parameter that controls the influence of the scale gap.

If we assume that the physical process generating
the potential is in thermal equilibrium, the potential that
the particle perceives on average is often replaced by
the Helmholtz free energy surface. When ∆F is the
barrier of free energy that a particle perceives execu-
tively on the free energy surface, then exp[(−∆F/kBT )] =
⟨exp[(−∆E/kBT )]⟩. The averaging ⟨· · · ⟩ here is an ensem-
ble averaging, but like path integrals, the averaging opera-
tion is performed at each time as the particles move. If we
accept that the Jarzynski equality [17–19] holds, the aver-
aging operation ⟨· · · ⟩ can be performed by a more realistic
one, that is, we move from point A to point B by an exter-
nal operation and measure the work on the system through
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the inequality at that time. More precisely, define a sad-
dle point C, and let Wi be the work required to move from
point A to point C. Here, i indicates the number of trials.
By repeating N times trials, we have

exp

[
− ∆F

kBT

]
=

⟨
exp

[
− Wi

kBT

]⟩
= lim

N→∞

1
N

∑
i

exp

[
− Wi

kBT

]
. (1)

This can be interpreted as the barrier of free energy corre-
sponding to its mean for the particle, as it travels back and
forth between points A and B many times over a very long
time period.

The Jarzynski equality can be derived naturally from
the “fluctuation theorem.” By the way, for the Jarzynski
equality to be valid, the system must be in equilibrium and
it must be a closed one. However, since most problems
in plasma and fusion sciences are in non-equilibrium open
systems, the Jarzynski equality cannot be applied as it is.
It can also be said that the assertion of the Jarzynski equal-
ity refers to the correspondence between long-time and en-
semble averaging. Therefore, the question is whether to
take ensemble or long-time averaging in the correspon-
dence between microscopic and macroscopic quantities in
scale separation.

3.5 Scale and hierarchy structure
The concept of characteristic scales and their gaps for

multi-scale /multi-physics is similar to that of hierarchy or
hierarchical structure. However, the characteristic scales
of physical processes discussed in previous sections are
not necessarily limited to spatial scales. The separation
of electron and ion motion in plasmas is an argument fo-
cused on the scale gap in wavenumber space, and the sep-
aration is caused by this difference between electrons and
ions. However, the mass difference is not always synony-
mous with the scale gap in wavenumber space. In fact, if
the effect produced by the mass difference is a quantum
one, it can be more appropriate to bring the mass differ-
ence directly into the discussion for the gaps. Thus, if the
physical process can be separated by the scale of physi-
cal variables, it is not necessary to be concerned with the
spatial scale. Therefore, it is necessary to have a compre-
hensive understanding that covers not only space but also
the hierarchical structure of physical processes separated
by the physical variables.

What we have discussed above is a situation in which
physical processes are indivisible due to a small scale gap.
If we call one physical process that has a large scale gap
and can be sufficiently separated from other processes, it
can be separated and understood well enough, and can be
described as a closed system of equations. When we focus
on a physical process and it can be thus described, a space
formed by the trajectories of the solutions will exist clearly,
as shown in the left region of Fig. 5. For example, in the
classical equations of motion, if we determine the range of

Fig. 5 Solution space against parameter space. When physical
process in a system is clearly separable, the correspond-
ing space formed by the trajectories of the solutions is
also clearly separable. If the physical process becomes
more complex and indivisible according to changes of
physical parameters, the structure of the solution space
becomes more ambiguous.

initial values, we can determine the trajectory of the solu-
tion. Due to conservation laws, the range of trajectories is
bounded to a subspace in the space. Here, we can consider
that a solution space is associated with a hierarchy.

On the other hand, in a case where the scale gap is
small or the physical process is indivisible, due to changes
of a certain parameter such as temperature, it should be
considered that the solution space becomes ambiguous, as
shown in the right region of Fig. 5. In that case, insepa-
rable hierarchies coexist and make sense. If an insepara-
ble, close-scale physical process acts as an external field to
the physical process of interest, small but non-negligible
mechanisms such as fluctuation will cause the closed sys-
tem of equations to change from moment to moment. As
a result, the trajectory of the solution is not determined
only by the initial values, and solutions can reach regions
that could not be before. In other words, the solutions
that are degenerate in time-independent potential when the
scale gap is large, begin to expand when it becomes small.
Moreover, it is expected that the trajectory cannot move
everywhere, but somewhat close to the original motion on
the time-independent potential, and the degree of deviation
from it may depend on other variables such as temperature
or plasma β.

Thus, the solution space does not spread out com-
pletely but perhaps fuzzily, depending on the extent of the
scale gap. Systems that form a hierarchical structure of
scale-indivisible arrangements may be discussed in con-
nection with such an extended solution space.

4. Problem of Integration
Until now, we have discussed the separability or in-

divisibility of physical processes at scale in an element-
reductive manner, by integrating them for understanding
the whole picture. And it has been mentioned that the ac-
tivity of integration tends to assume that physical processes

2501057-6



Plasma and Fusion Research: Overview Articles Volume 18, 2501057 (2023)

are separable. Therefore, if they are inseparable, their inte-
gration becomes an increasingly difficult task. One of the
reasons why it is difficult to integrate physical processes,
even if they can be understood by each other, this is that
it is difficult to discuss the plausibility of the integration
method. It is ironically possible that this method, with
good reproducibility, may contain artificial tuning param-
eters, whereas the one with poor reproducibility may be a
model created from a first-principles perspective.

In experimental observations and measurements used
for verification, sufficient information cannot be measured
due to technical limitations, even though we are well aware
that this is a multi-scale, multi-physics process. In electron
microscopy, for example, spatial resolution has increased,
but information about time is not available. When we com-
pare two micrographs taken before and after an experi-
ment, it is often impossible to determine how much time
has passed and what has happened in the experiment, mak-
ing it difficult to compare the results with theory or simu-
lations. Furthermore, there may be a case where the mea-
surement principle used in the measurement device is actu-
ally based on the assumption of the separation of physical
processes by scale. The pursuit of measurement principles
that can be applied to scale-indivisible situations will be a
necessary and interesting issue.

In simulation studies, development of an integration
scheme is a specific and practical issue. There is also the
issue of numerical algorithms. For example, in a coupled
hierarchical simulation, let us consider a case where we
want to obtain physical quantities from microscopic calcu-
lations for macroscopic ones in order to grasp the whole
picture. It is almost impossible to capture long macro-
scopic behaviors using a scale with respect to the micro-
scopic time scale. Conversely, if the time scale is based on
the macroscopic one, the changes are too steep for the mi-
croscopic system. The issue of how to make microscopic
changes plausible so that the macroscopic scale catches up
with the macroscopic one is a problem that is shared not
only in plasma, but also in other research fields. Through
further cross-disciplinary discussions on the viewpoints of
these methods, it is expected that new developments will
emerge.

There is another challenge related to the development
of computer performance, which has been slowing down in
terms of clock and memory access speed for a long time,
and it is expected that there will be no drastic improve-
ment in the near future. Of course, the rise of Graphics
Processing Units (GPUs), problem-specific advancements
such as Field Programmable Gate Arrays (FPGAs), and
newer technologies such as machine learning and quan-
tum computing may contribute to different breakthroughs.
In terms of mathematical and physical approaches, it will
be important in the realization of the research to consider
methods that find a balance between conventional meth-
ods based on physics and mathematics, and ones that can
achieve the best performance in the current era.

Their resolution is a key issue in order to treat the
large scale gap. One of the solutions in simulation stud-
ies is the Adaptive Mesh Refinement technique [20, 21]
which can dynamically and locally change the resolution
and can efficiently calculate scale differences of more than
three orders of magnitude in massively parallel computers.
Furthermore, as the next challenge, we have to consider
the situation that a large difference of scale exceeds the
scale range where the validity of the governing equations
is guaranteed. How to deal with the situation, when the ef-
fective range of the governing equations is exceeded or the
governing equations need to be switched, is an important
issue. For example, in plasmas, as the resolution of MHD
simulations is increased, the governing equations for turbu-
lences can change. In the case of plasma-material interac-
tion, a scale of nanometer is needed to understand the solid
side, which is smaller than the Debye length of the plasma.
Then a novel description of the plasma is required. Also,
for these issues, an approach based on the renormalization
group [22] is expected to be a useful method.

5. Summary
The hierarchy-based perspective is a powerful way to

facilitate understanding of the natural sciences and provide
a bird’s-eye view of phenomena. However, as the accuracy
of measurements and spatio-temporal resolutions in exper-
iments and simulations has been improved, it has become
possible to capture quite adjacent regions of the scales of
interest and small gaps between phenomena. We have dis-
cussed how phenomena between such close proximity of
scales necessitate a discussion of the nature of the hierar-
chy itself, rather than the conventional coupling or con-
nection of separated hierarchies. It will be important to
search for the physical quantities that govern the dynam-
ics and to recapture how the hierarchical structure changes
with meta-perspective. We believe that research on dynam-
ics with meta-perspectives, i.e., meta-hierarchy dynamics
research will make progress on this issue through vari-
ous means of experiments, theories, simulations, and their
combined studies.
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