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Abstract

Dirac's Large Number Hypothesis (LNH), proposed in 1937, has captivated the scientific
community with its exploration of profound correlations between cosmic and atomic scales. This
hypothesis delves into the intricate interplay between the infinitesimally small and the vastly
large, offering potential insights into the fundamental nature of the universe. As we continue to
uncover the mysteries of the cosmos, the LNH oscillates on the precipice of scientific
acceptance—neither fully validated nor entirely dismissed. In this paper, we embark on a
comprehensive journey through Dirac's LNH, shedding light on its theoretical underpinnings, its
implications for universe models, and its resonance with the Anthropic Principle. We delve into
the possibilities of variable gravitational constants and continuous mass creation, inviting further
exploration into the intricacies of our cosmic symphony. By embracing the ongoing quest for
understanding, we endeavor to unravel the profound harmonies that connect the infinitesimal
with the infinite, contributing to the symphony of knowledge in theoretical physics and
cosmology.

1. Introduction

The indefatigable march of scientific advancement is deeply intertwined with our inherent
drive to unravel the fundamental principles that govern our universe. Monumental strides in both
physics and mathematics over the preceding centuries have equipped us to wrestle with questions
that span the quantum to the cosmic scale, bridging the realms of the infinitesimal and the
infinite (Greene, 1999). These leaps in understanding, from Albert Einstein's revolutionary
theory of relativity (Einstein, 1915) to Charles-Augustin de Coulomb's foundational work on
electrostatics (Coulomb, 1785), have progressively drawn us closer to deciphering the complex
cosmic tapestry that constitutes our universe.

Paul Adrien Maurice Dirac, a luminary of physics, proposed a captivating idea—
cosmological parameters, colloquially referred to as atomic constants (Dirac, 1937), turned out to
related to atomic constants by powers of ~10%° (Table 1). These parameters appear to underpin
the fundamental structure of our cosmos, yet the processes through which they sculpt our
universe remain tantalizingly elusive.

In the dawn of the 20" century, several trailblazing physicists set out on a quest to understand
the correlations between these cosmological parameters and the nature of our universe. Hermann
Weyl was among these pioneers, suggesting that atomic constants seemed "coincidentally"



proportionate to their macroscopic counterparts, hence generating ratios close to 40 orders of
magnitude (Weyl, 1918).

Table 1: Examples of Large Numbers

Example of large numbers, computed as the radio of CT:\ysstz::tls Nlj:rr\%ir
The Electrostatic Force to the Gravitational Force between a Proton and an Electron | (e?/G)(m.m,,) ~1040
The Planck Mass to the Proton Mass mp/m, ~10'°
The Intensity of Electromagnetic - Gravitational Interaction between Elementary a/G ~1040
Particles
The Mass of a Typical Star to the Electron Mass M,/m, ~10%
The Radius of the Observable Universe to the Radius of an Electron Ry/7e ~1040
The Hubble Radius to the Planck Length Ry/lp ~1080
The Mass of the Universe to the Proton Mass My /m, ~10%
The Mass of the Universe to the Planck Mass My/mp ~1080
The Planck Mass Density to the Observed Density of the Universe Pp/Pobs ~10'2
The Planck Energy to the CMBR Temperature Ep/Tcusr ~1030

In 1919, Weyl postulated that the ratio of the radius of the observable universe to the
classical electron radius would yield a Large Number (Weyl, 1919). His computations unveiled a
ratio of roughly 10%2. This seminal discovery catalyzed a series of similar revelations, cumulating
in the unveiling of Eddington’s number later that year (Eddington, 1919). However, it was
Dirac's insightful work in 1937 that substantially deepened this line of thought (Dirac, 1937). His
computations exposed that the ratio of the electrostatic to the gravitational force was around 10°°,
and the ratio of the mass of the universe to the proton mass approximated a staggering 107%.

These calculations were grounded in the observational data and constants accessible at the
time (Dirac, 1937). Over the decades, these values have undergone refinement (Barrow, 2002),
yet the scale of these numbers continues to captivate researchers. This paper plunges into the
enduring allure and persistent debates surrounding Dirac's Large Number Hypothesis (LNH), as
our pursuit of the universe's most profound mysteries remains undiminished.

2. A Captivating Voyage Through the Labyrinth of Improbabilities

The staggering magnitude of these numbers found in computations aroused the intrigue of
numerous physicists, not least of which was Dirac (Table 1). Rarely do we stumble upon such
prodigious quantities in observations of natural phenomena. It is this captivating pattern that
marks the advent of the Large Number Hypothesis (LNH) (Dirac, 1937).

Dirac posited that these remarkable ratios could not be attributed merely to statistical
aberration or pure coincidence. If that were the case, it would be highly unlikely for these ratios
to remain constant over the astronomical timescales synonymous with cosmic evolution (Dicke,
1961). From this insight, Dirac made a pivotal progression in his hypothesis—the idea that these
vast numbers might fluctuate in conjunction with the temporal progression of the universe.



Whether these fluctuations would lead to subtle or significant changes was an open question, yet
it served as a cornerstone for the formulation of Dirac's LNH.

The aspiration of Dirac's hypothesis was threefold. The first objective was to decipher the
enigma behind the tremendous magnitudes of these large numbers. What led these numbers to
such enormity, and could their size potentially illuminate a fundamental facet of our cosmos
(Barrow, 2002)? The second goal was to shed light on the implications of these seemingly
serendipitous large numbers. Might they reveal an uncharted correlation between the
microscopic and macroscopic scales of the universe (Carr, 2005)?

Arguably, the most ambitious objective was Dirac's third—to construct a model of the
universe unhindered by anthropocentric constraints. He sought to envision a cosmic structure
fundamentally in sync with natural laws and principles, unfettered by the limitations of human
comprehension or technological capabilities (Dirac, 1937). Dirac's intent was to curate a
cosmological model that reflects the unadulterated nature of the universe, thereby paving the way
for new avenues in our quest to decode the cosmic enigmas.

Yet, despite the persuasive premises and the profound implications of Dirac's LNH, it
remains a topic of ongoing discourse and investigation within the physics community. The
forthcoming sections will delve into the hypothesis's subsequent evolution, the main points of
contention, and its prospective ramifications on our understanding of the universe.

3. Unraveling Consequences of LNH

The implications of Dirac's LNH might, at first glance, appear rather opaque. However, when
we scrutinize them, they reveal profound implications for both physics and mathematics.
Accepting the LNH's premise suggests that as the universe ages, the physical constants that
define our observable universe adjust to reflect Dirac's conceptualization of the 'epoch',
positioned at a magnitude of (103°)" for some integer n. This notion accommodates the striking
observation that all Large Numbers are of the order of 39 or 40 (Barrow, 2002).

Yet, this premise engenders an intriguing conundrum. If these 'constants' are engaged in a
temporally dynamic dance, does the term 'constant' still apply? Rather, they transmogrify into
time-dependent variables, thereby opening a Pandora's box of fundamental questions concerning
the very nature of physical constants and, by extension, the universe itself (Uzan, 2003).

Decades later, in 1974, Dirac refined his insights on the LNH, rigorously examining two
preconditions and their ensuing implications requisite for the hypothesis to withstand scrutiny
(Dirac, 1974). The first condition revolves around the tenable models of the universe. The
universe's magnitude, an integral parameter framing our understanding of the cosmic expanse we
inhabit, must align intimately with the 'epoch’, precluding a fixed value for the universe's size. As
a result, any cosmological model fixating a specific constant as a cosmological parameter would
conflict with the stringent criteria of LNH. Thus, only models of a non-static universe might fit
into the LNH paradigm.

The second condition presents a formidable challenge. Dirac's LNH necessitates that all
cosmological parameters gracefully morph into time-dependent variables. It doesn't require a
significant stretch of imagination to deduce that adjusting even one atomic constant within the
established physics framework would trigger far-reaching repercussions. Among the myriad of
atomic constants, Dirac elected to investigate the gravitational constant (G ), the bedrock of
Einstein's general relativity, exploring its potential variability and thus adding another layer of
complexity to the issue (Sandvik, Barrow, Magueijo, 2002).



With these two conditions at hand, the LNH guides us down a fascinating path hinting at the
perpetual genesis of matter within the universe (Dirac, 1974). This spontaneous emergence of
matter might manifest through two plausible mechanisms: "additive creation" and "multiplicative
creation". Additive creation hypothesizes that matter arises uniformly throughout the universe,
even in the ostensibly desolate intergalactic spaces. In contrast, multiplicative creation proposes
that matter emerges where matter already exists, proceeding in proportion to the current atomic
ensemble (Canuto, Hsieh, Adams, 1977).

While the scope of this paper precludes a deep dive into these mechanisms' nuances, a
panoramic view is provided, and further exploration of each element is recommended through
Saibal Ray's comprehensive 2019 review on Dirac's LNH (Ray, 2019).

Dirac's foundational 1947 publication paved the way for ongoing research on LNH (Dirac,
1947). These studies typically navigate one of three distinct terrains:

* Cosmological Model Considerations
* Gravitational Constant Variability
* Continuous Mass Creation

By shedding light on the research conducted through these unique lenses, we aim to provide
a refreshed perspective on the current state of affairs and the potential future for Dirac's LNH
within the esteemed domain of theoretical physics.

4. Cosmological Models under the Lens of Dirac’s Large Number Hypothesis

As articulated earlier, the parameters underlying Dirac's LNH impose certain boundaries on
the parameters of cosmological models. Specifically, any model governed by a static atomic
constant is categorically dismissed under this hypothesis. Although these restrictions may appear
to limit the range of potential models, they ensure that the surviving models align with empirical
observations. Fundamentally, the hypothesis disallows models proposing a universe that expands
to a maximum size and subsequently contracts, as such models would entail a cosmological
constant that remains independent of the universe's age (Dirac, 1974).

One significant paradigm affected by this stipulation is the Friedmann-Lemaitre-Robertson-
Walker (FLRW) metric, more commonly recognized as the standard cosmological model. The
FLRW metric describes the geometry of the universe and its expansion dynamics through a time-
dependent scale factor (a(t)) (Friedmann, 1922; Lemaitre, 1927; Robertson, 1933; Walker,
1937). However, according to Dirac's LNH, the conventional manifestation of the FLRW model
cannot be endorsed (Dirac, 1974).

The FLRW metric can be expressed as:

dr?

ds? =— dt* + a(t)? T2

+ 12(d6? + sin®0d¢?) (D

Here s is the distance between two infinitesimally close events in spacetime; t is the time
coordinate, which is the time measured by an observer moving along with the expansion of the
universe; a is the scale factor; r is the comoving radial coordinate describing the positions of
objects in an expanding (or contracting) universe; k is the curvature constant, which can take
values of -1, 0, or +1; 8 and ¢ are the polar and azimuthal angles in spherical coordinates,
respectively.



The evolution of a(t) is governed by the content of the universe, which contains bright
matter, dark matter, radiation, and dark energy. Note that dark matter and dark energy are
contents whose nature are not well known, but needed to be introduced in order to explain the
observed expansion of the universe, as well as the motions of stars in galaxies.

It is worth mentioning that if the scale-covariant theory, which posits that the laws of physics
could evolve with time, is validated, it might necessitate a reassessment of the FLRW model's
compatibility with Dirac's LNH (Canuto et al., 1977). The scale-covariant theory introduces a
time-dependent gravitational constant ( G(t) ) that scales with the temperature (T(t)) of the
universe, allowing for the evolution of physical laws (Canuto et al., 1977):

G(t) = Go(T(t)/To)" (2)

where G, is the present value of the gravitational constant, T, is the present value of the
temperature of the universe, and n is an exponent that determines how G (t) scales with T(t). By
introducing a higher degree of flexibility into the FLRW model, the scale-covariant theory could
potentially reconcile it with Dirac's hypothesis.

While the FLRW model has historically enjoyed wide acceptance within the scientific
community, recent years have seen an upswing in interest towards the Dirac-Milne Universe
model (Benoit-Lévy and Chardin, 2012). The Dirac-Milne Universe model provides an
alternative theoretical framework for describing the evolution of the universe. In this model, the
scale factor evolves as a power law with time:

a(t) = ap(t/ty)*? (3)

where a, is the present-day scale factor and t; is the present age of the universe (Benoit-Lévy
and Chardin, 2012).

This model has attracted attention due to its congruence with current observational data, as
well as its potential insights into dark energy and dark matter, two of the most elusive aspects of
our universe. The Dirac-Milne Universe model offers a theoretical framework that allows for the
exploration of these enigmatic phenomena, regardless of whether Dirac's LNH eventually
secures wider acceptance. Consequently, the Dirac-Milne Universe model could emerge as a
cornerstone in advancing our understanding of dark energy, dark matter, and their respective
roles in the orchestration of the cosmic order.

Equations (1), (2), and (3) along with the FLRW and Dirac-Milne Universe models discussed
above provide mathematical representations and theoretical frameworks that are relevant to the
analysis of universe models in the context of Dirac's LNH.

5. Dance of Constants: Variability in the Gravitational Constant

The exhilarating interplay between the macrocosm and the microcosm first sparked interest
with Weyl (1917), who proposed a compelling correlation between the estimated radius of the
universe (Ry) and the proposed radius of a particle (where rest energy equals the gravitational
energy of an electron) ry. Their ratio, juxtaposed with the classical radius of an electron r,, lay
in the staggering realm of 102, i.e.

— ~— =~ 10%, 4
e €))

Eddington (1931) built on this notion, discerning a similar proportionality between quantum
and astronomical realms by comparing the force from electromagnetic interaction with the



gravitational interaction of charged particles. This comparison gave rise to a value approximating
the square root of N (the total number of charged particles in the universe), i.e.

62

————— ~ 4x10*% =~ VN. 5

4me,Gm? ®)
where e is the elementary charge of an electron, €, is the permittivity of free space or vacuum,
and m, is the mass of an electron, a fundamental particle.

Dirac, extending this discourse, examined the ratio between the electrical and gravitational
force exerted between a proton and an electron, settling on a strikingly similar magnitude, i.e.
2
e
————— x=~ 10% 6
4me Gm, (6
Furthermore, he proposed a comparable ratio between the age of the universe and the atomic
unit of time,

4megm,c?

eZ

~ 10%0 (7)

Here c is the speed of light in a vacuum. From this, Dirac audaciously proposed that this
dimensionless constant, pervasive across both macro and micro scales, should not remain
invariant across the temporal span of the universe's age. He proposed that the Gravitational
constant, G, should evolve as the inverse of time, rendering G a time-dependent entity, i.e.

G 1 8
x= )

This bold proposition triggered a wave of intellectual pursuit in the realm of varying G,
establishing the cornerstone of what is now the heart of the LNH.

This innovative approach called into question the fundamental assumptions of Einstein's
General Relativity, which posits a constant G and employs relative time for the curving of four-
dimensional space-time, disregarding the age of the universe (Einstein, 1915). Dirac's
provocative LNH ignited a global scientific interest, suggesting a potential paradigm shift in our
understanding of the universe, where the fundamental law of mass/energy conservation might be
subject to revision. Yet, despite the profound implications, tangible evidence supporting G ’s
variability remains elusive due to the enormous temporal scale of the universe.

Theories such as the Scale-covariant theory (Canuto et al., 1977) and the Hoyle-Narlikar
theory (Hoyle and Narlikar, 1964) have introduced the idea of a universal gauge function
wherein G can be expressed as a time-dependent entity. Despite this, the Hoyle-Narlikar theory,
largely grounded in a steady-state model, has been largely dismissed in light of more recent
cosmic microwave background radiation observations (Wright, 2010).

Numerous studies by Gaztafiaga et al. (2002), Nordtvedt (1995), Sahoo et al. (2018), Singh
(2007), and Berman (2009) have explored the tantalizing possibility of variations in G. While the
changes might be infinitesimally small, these studies suggest they are plausible without
undermining the foundational architecture of Einstein's gauge functions.

According to Dirac's LNH, a profound paradigm shift is required: atomic constants, such as
Einstein's G, must be inversely tied to the age of the universe or cosmic time. This time-bound
variability in G, and therefore the changing distribution of mass in the universe’s history, implies



the existence of an elusive mass component yet to be discovered. This mysterious mass could
manifest as the enigmatic dark matter or as a perpetually created mass.

Dark matter, an exciting frontier in scientific exploration, remains elusive despite a myriad of
studies devoted to deciphering its cryptic properties. No research has so far established any
temporal correlation with dark matter, making it a challenging endeavor to attribute variations in
Einstein's G to the influences of dark matter.

Conversely, Dirac turned his attention towards the intriguing concept of continuous mass
creation, an idea that has inspired a multitude of inquiries probing its potential implications. The
ensuing section will delve deeper into the captivating narrative woven by this proposition.

6. Symphony of Existence: Continuous Mass Creation

Dirac's LNH unveils an opulent narrative of cosmic proportions, introducing an audacious
concept of continuous mass creation. This proposition challenges the traditional portrayal of a
universe with a finite quantity of matter, crafting instead a cosmic panorama perpetually infused
with emergent matter. This daring concept instigates a revolutionary pivot in our understanding
of cosmic evolution, provoking reflections on the origin, nature, and fate of matter in the
universe (Davies, 1982).

We previously referred to the potential implications of LNH: if atomic constants such as G
were to demonstrate temporal fluctuations, a transformative mechanism must be at work. A
compelling candidate for this is the concept of perpetual mass creation. This framework
reimagines the universe not as a static construct but as a dynamic theatre where matter is
unceasingly born either uniformly throughout space ("additive creation") or localized in areas
already rich in matter ("multiplicative creation"), with the former involving the appearance of
new matter at a constant rate, and the latter involving a rate that is proportionate to the existing
density of matter. This relentless act of creation is postulated to be proportionate to the existing
quantity and types of atoms (Hoyle, 1960).

This concept of continuous mass creation has started to reverberate within the scientific
community, with a burgeoning body of research scrutinizing its implications and possible
harmonization with LNH (Canuto, 1979). Exploration of this phenomenon is crucial not only for
delving deeper into the mutable nature of the universe and its fundamental constants, but also for
understanding the potential role of dark matter and dark energy in this cosmic ballet (Peebles,
2001).

As an area of scientific inquiry, continuous mass creation has opened intriguing avenues into
its potential viability and congruence with observational data. Numerous investigations have
attempted to decode the engines propelling mass creation, such as the potential birth of matter
from the vacuum state or the transformation of dark energy into matter. For example, Zel'dovich
(1971) proposed that the vacuum fluctuations could provide the birthplace for particles, governed
by:

m = hw 9)
where h is the reduced Planck constant and w is the angular frequency of the fluctuation. This

equation underlines the potential transformation of vacuum energy into matter, a key idea in
continuous mass creation.

On the other hand, Davies (1974) worked on the hypothesis that the creation rate of particles
N is directly related to the scale factor (a(t)) and its derivatives, governed by:



W= a% + ﬁ(g)z (10)

Here, « and [ are constants, and the dot represents time derivatives. Equation (10) is
interesting because it suggests that the rate of mass creation is intrinsically linked to the
dynamics of the expanding universe, fitting well with Dirac's LNH.

The concept of "additive creation" and "multiplicative creation" could be symbolically
represented as:

e Additive creation: p=T (11)
e Multiplicative creation: p=T, (12)

Here, p represents the energy density, and I' signifies the creation rate. In the case of additive
creation, new matter appears at a constant rate I, while for multiplicative creation, the rate I' is
proportionate to the existing density p.

These inquiries add mathematical rigor to the discussion, laying out possible pathways
through which continuous mass creation could occur, either from the vacuum state or from the
transformation of existing forms of energy such as dark energy into matter. They also illuminate
how such processes could engender mass at a rate consistent with the observed variations in G
and other cosmological parameters, as indicated by Dirac's LNH (Davies, 1974).

Continuous mass creation, although a contested and fervently debated topic, presents an
enticing and promising frontier in scientific exploration. It tantalizes us with the potential to
redefine our understanding of the universe's tapestry, its history, and its future trajectory
(Hawking, 2001). As our empirical repositories expand and theoretical models advance in
complexity, it is conceivable that the concept of continuous mass creation will gain traction,
fortifying its central position in our cosmic comprehension. As we proceed, this hypothesis may
disclose a universe that is not merely a stage for the dance of existence, but an active player in
the choreography (Rees, 1997).

7. Cosmic Serenade: The Anthropic Principle

The enigma of large numbers permeates the fabric of our universe, embedding a resonance
that echoes through the cosmos. Dicke (1961) proposed a theoretical framework, suggesting that
some constants could be deduced from established theories, while others, such as the Hubble
constant (H), could be anticipated by associating a time scale that aligns with the age of the
universe's stars. In fact, all numbers in Table 1 can be reasoned from fundamental laws of
physics if we assume two starting points:

I. The age of stars (deductible from atomic and gravitational constants) is comparable to
the current age of the universe.

II. The first row of Table 1, which posits that the gravitational interaction is 104" times
weaker than electromagnetic interactions, and the fact that the fine structure constant
~1/137 is not far from the order of unity.

Instead of looking for an inherent reason for this time scale, one can, after the fact, apply the
so-called Anthropic Principle. The Anthropic principle asserts that the astounding fine-tuning of
physical constants exists only to facilitate an ordered universe and our consequential existence.



This assertion was built on the recognition that certain fundamental physical constants seem
to be astoundingly calibrated, thereby facilitating an ordered universe and our consequential
existence. The precision of these constants, though measurable, continues to baffle us,
underscoring the elusive nature of the cosmic orchestration.

Building on this foundation, Carter (1974) distinguished the Anthropic Principle into two
categories: the Weak Anthropic Principle (WAP) and the Strong Anthropic Principle (SAP). The
WAP is represented by the conditional probability expression,

P((0IL)) =~ 1, (13)

where P denotes the conditional probability. Specifically, equation (13) denotes the conditional
probability of O given L, where O signifies the existence of observers and L indicates life-
permitting conditions. This implies that, given the life-permitting conditions of the universe (L),
the probability of the existence of observers (0) is almost certain (= 1). This underpins the idea
that our cosmic location, including the epoch we inhabit, is privileged to coincide with our
existence as conscious observers. Put differently, it is not surprising to find ourselves in a part of
the universe hospitable to life because, otherwise, we wouldn't exist to observe the universe. This
underscores that our existence hinges on the specific conditions of our universe that permit life.
The WAP aims to elucidate why the current age of the universe aligns with the age of stars—
referred to as the starting point I above. It necessitates a reassessment of our cosmic self-
perception and counters the Copernican principle by asserting that we, as observers, do not
occupy an unprivileged, random location in the universe.

On the other hand, SAP, expressed as
P((L10)) =1, (14)
posits that the universe and its foundational parameters are configured to permit the emergence

of observers. This rekindles Descartes' philosophical assertion, cogito ergo mundus talis est—we
think, therefore the world is such.

The SAP instead suggests that the atomic and gravitational constants are fine-tuned in order
for us to exist, like a cosmic instrument orchestrated to produce a resonant harmony, in which we
are a part of. In other words, they are designed to explain point II above. For instance, consider
the triple-alpha process in stellar nucleosynthesis, an astoundingly unlikely event that permits the
formation of carbon, a building block for life, from primordial helium. The finely-tuned
parameters of this process are expressed as

S(E) ( Zmy)

o=—F% exp (15)

where o is the cross-section for the reaction, S(E) is the astrophysical S-factor, E is the energy, n
is the Sommerfeld parameter, and % is the reduced Planck constant. The value of S(E) at the
specific energy E accounts for the effects of the Coulomb barrier and the quantum mechanical
tunneling that particles must undergo to interact at low energies in stellar environments. It
effectively measures how the rate of a nuclear reaction varies with the energy of the reacting
particles — a process that is crucially dependent on the structure of the carbon nucleus (Barrow,
2002).

The crucial aspect of equation (15) is S(E), which is dependent on the structure of the carbon
nucleus, and the value of S(E) required for the triple-alpha process is remarkably fine-tuned,



meaning it must fall within a very narrow range to allow the formation of carbon. If this were not
the case, carbon, a fundamental building block for life, would not form, and life as we know it
would not exist. This is an example of fine-tuning in the universe, which the SAP suggests is
necessary for the existence of observers like us.

The Anthropic Principle speculates that even minute changes in G could result in discordant
notes, disrupting the symphony of conditions necessary for life. As Weinberg (1987)
demonstrated, the cosmological constant (A), which determines the large-scale structure of the
universe in Einstein’s equations of general relativity, is astonishingly fine-tuned for life. Any
significant deviation in its value could result in a universe hostile to the emergence of complex
structures like galaxies, and hence life as we know it. Weinberg derived an anthropic upper
bound on the cosmological constant as A = 1072 Planck units, a prediction later confirmed by
cosmological observations.

Since Carter's initial formulation, the Anthropic Principle has undergone significant
refinements. Bostrom (2022) delved deeper into the concept of selection effects, suggesting that
our observations of the universe are not randomly sampled but are influenced by our existence as
observers. In the framework of the "many-worlds" interpretation of quantum mechanics, the
Anthropic Principle proposes that our observations are determined by the specific "branch" or
trajectory of the universe in which we reside.

Taking these ideas further, Hawking (1988) speculated about the existence of an infinite
number of parallel universes within a multiverse framework. In this perspective, each universe
may harbor different physical laws and fundamental constants, with intelligent observers arising
only in those universes that fortuitously possess life-permitting conditions. This expansive
concept broadens the scope of the Anthropic Principle beyond the realm of humanity,
encompassing any potential observer, regardless of their form or species. By doing so, the
principle acknowledges the possibility of non-human intelligent life both within our universe and
in others.

The enigmatic melody of the Anthropic Principle beckons researchers to delve deeper into its
philosophical and scientific nuances, guiding our quest for a deeper understanding of our place
within the grand symphony of the cosmos. Future research directions include investigating the
fine-tuning of fundamental constants, exploring the multiverse hypothesis, understanding
anthropic selection effects, examining the connection between the Anthropic Principle and the
foundations of quantum mechanics, studying the influence of anthropic constraints on
cosmological evolution, and delving into the philosophical implications of this principle. This
ongoing exploration fuels our curiosity and propels us to uncover the harmonies and intricacies
of the celestial concert that is our universe.

8. Conclusion and Discussion

Dirac's Large Number Hypothesis (LNH) has taken us on a remarkable journey through
various physical theories and their interrelationships, expanding our understanding of the
universe and our place within it. This hypothesis has sparked conceptualizations of universe
models, variations in gravitational constants, and continuous mass creation, while also
stimulating discussions on the philosophical implications of the Anthropic Principle and our
comprehension of cosmological constants.

The LNH, despite its abstract nature, holds deep implications for our understanding of the
physical universe. It challenges our conventional wisdom regarding the nature of physical
constants and the structure of the universe, pushing us to explore new frontiers in theoretical

_’|O_



physics. While it may conflict with established models like the Friedmann-Lemaitre-Robertson-
Walker metric, it harmonizes beautifully with more recent compositions such as the scale
covariant theory of gravity, offering fresh perspectives on enigmatic phenomena like dark energy
and dark matter.

The LNH's suggestion of the variability of the gravitational constant over cosmic time has
sparked a vibrant area of research. If such variability is indeed possible, it could reshape our
understanding of Einstein's theory of general relativity and prompt us to reconsider the concept
of "constants."

Continuous mass creation, another movement in the LNH symphony, holds the potential to
illuminate unresolved mysteries of the universe. The ongoing creation of matter, whether through
additive or multiplicative processes, offers new avenues to comprehend the nature and
distribution of matter in our cosmic concert hall.

Meanwhile, the Anthropic Principle presents us with philosophical enigmas about our
existence and the character of the universe. It challenges us to rethink the role of "observers" and
ignites the tantalizing prospect of other forms of intelligent life performing in parallel concert
halls of the cosmos.

However, the journey of understanding the large number hypothesis is far from over. Future
research directions include further exploration of the variations in fundamental constants, deeper
investigations into the multiverse hypothesis, understanding the underlying mechanisms of
continuous mass creation, examining the anthropic selection effects on cosmological evolution,
and delving into the philosophical implications of the Anthropic Principle. These research
endeavors will contribute to solving the intriguing question of the large number hypothesis and
enhance our understanding of the symphony of the universe.

In the grand concert of scientific inquiry, it is crucial to acknowledge that our journey is
ongoing, and no single theory or principle can fully capture the complexity of the symphony of
our universe. Dirac's Large Number Hypothesis, the Anthropic Principle, and the associated
discussions provide powerful instruments that guide us toward a deeper understanding of our
perpetually evolving universe. As our cosmic performance continues, we anticipate further
revelations and insights that will enrich our understanding of the universe and our place within it.

Acknowledgement: This work was supported by the Burke Institute for Theoretical Physics,
California Institute of Technology (Caltech). The authors also acknowledge the support by the
Caltech Jet Propulsion Laboratory, sponsored by NASA.

References

1. Abbott, B. P. et al. (LIGO Scientific Collaboration and Virgo Collaboration) (2016). "Observation
of Gravitational Waves from a Binary Black Hole Merger". Physical Review Letters, 116(6),
061102. doi:10.1103/PhysRevLett.116.061102

2. Barrow, J. D. (2002). The Constants of Nature: From Alpha to Omega—The Numbers That Encode
the Deepest Secrets of the Universe. Pantheon Books.

3. Benoit-Lévy, A., & Chardin, G. (2012). Introducing the Dirac-Milne Universe. Astronomy &
Astrophysics, 537, A78. doi:10.1051/0004-6361/201117492

4. Berman, M. S. (2009). Realization of Einstein's Machian program by the variable mass theory of
gravitation. Nuovo Cimento B, 74(2), 173-179. doi:10.1393/ncb/i2008-10420-2

5. Bostrom, N. (2002). Anthropic Bias: Observation Selection Effects in Science and Philosophy.
Routledge.

-17 -



10.
11.
12.

13.

14.

15.

16.
17.
18.

19.
20.
21.

22.

23.

24.

25.

26.
27.

28.

29.

Bostrom, N. (2022). Anthropic Bias: Observation Selection Effects in Science and Philosophy.
Routledge, London.

Canuto, V., Adams, P. J., Hsieh, S.-H., & Tsiang, E. (1977). Scale-covariant theory of gravitation
and astrophysical applications. Physical Review D, 16(6), 1643-1663.
doi:10.1103/PhysRevD.16.1643

Canuto, V., Hsieh, S.H., & Adams, P.J. (1977). Scale-Covariant Theory of Gravitation and
Astrophysical Applications. Physical Review Letters, 39(10), 429. doi:10.1103/PhysRevLett.39.429

Canuto, V. M., Adams, P. J., Hsieh, S.-H., & Tsiang, E. (1979). Scale-Covariant Theory of
Gravitation and Astrophysical Applications. Physical Review D, 19(6), 1547-1562.
doi:10.1103/PhysRevD.19.1547

Carr, B. J. (2005). Universe or Multiverse?. Cambridge University Press.
Carroll, S. (2010). From Eternity to Here: The Quest for the Ultimate Theory of Time. Dutton.

Carter, B. (1974). Large Number Coincidences and the Anthropic Principle in Cosmology.
Proceedings of the IAU Symposium, 63, 291-298. doi:10.1017/S0074180900235638

Carter, B., McCarea, W. (1983). The Anthropic Principle and its Implications for Biological
Evolution. Phil. Trans. R. Soc. Lon. A, 310, 347-363. doi:10.1098/rsta.1983.0096

Collins, C. B., Hawking, S. W. (1973). "Why is the universe isotropic?". Astrophysical Journal, 180,
317-334. doi:10.1086/151965

Coulomb, C. A. (1785). Premier Mémoire sur I’Electricité et le Magnétisme. Histoire de
I'Académie Royale des Sciences, 569-577.

Davies, P. C. W. (1982). The Accidental Universe. Cambridge University Press.
Davies, P. C. W. (1974). The Physics of Time Asymmetry. University of California Press.

Dicke, R. H. (1961). Dirac's cosmology and the large numbers hypothesis. Nature, 192(4808), 440-
441. doi:10.1038/192440a0

Dirac, P. A. M. (1937). The Cosmological Constants. Nature, 139, 323. doi:10.1038/139323a0
Dirac, P. A. M. (1947). The Cosmological Constants. Nature, 159, 198. doi:10.1038/159198a0
Dirac, P. A. M. (1974). Cosmological Models and the Large Numbers Hypothesis. Proceedings of
the Royal Society of London A, 338, 439-446. doi:10.1098/rspa.1974.0095

Dirac, P. A. M. (1974). Cosmologies with Varying Light-Speed. Proc. R. Soc. Lond. A, 338, 439—
446. doi:10.1098/rspa.1974.0095

Eddington, A. S. (1920). A determination of the deflection of light by the Sun's gravitational field,
from observations made at the total eclipse of May 29, 1919. Philosophical Transactions of the
Royal Society A: Mathematical, Physical and Engineering Sciences, 220, 291-333.
doi:10.1098/rsta.1921.0009

Eddington, A. (1931). Preliminary Note on the Masses of the Electron, the Proton, and the Universe.
Proceedings of the Cambridge Philosophical Society, 27(1), 15-19.
doi:10.1017/S0305004100009269

Eddington, A. (1931). On the value of the cosmical constant. Proceedings of the Royal Society of
London. Series A, 133, 60-72. doi:10.1098/rspa.1931.0111

Eddington, A. (1919). Report on the Relativity Theory of Gravitation. Fleetway Press, London.

Einstein, A. (1915). The Field Equations of Gravitation. Sitzungsberichte der Preussischen
Akademie der Wissenschaften, 844-847.

Einstein, A. (1916). Die Grundlage der allgemeinen Relativitétstheorie. Annalen der Physik, 354(7),
769-822. doi:10.1002/andp.19163540702.

Friedmann, A. (1922). Uber die Kriimmung des Raumes. Zeitschrift fiir Physik, 10(1), 377-386.

-12 -



30.

31.

32.
33.
34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Gaztafiaga, E., Sanchez, N., & Sarkar, S. (2002). A general test of the Copernican Principle.
Monthly Notices of the Royal Astronomical Society, 334(1), L13-L16. doi:10.1046/j.1365-
8711.2002.05384.x

Greene, B. (1999). The Elegant Universe: Superstrings, Hidden Dimensions, and the Quest for the
Ultimate Theory. W. W. Norton & Company.

Hawking, S. W. (1988). A Brief History of Time. New York: Bantam Books.
Hawking, S. (2001). The Universe in a Nutshell. Bantam Books.

Hoyle, F. (1960). The Universe: Some Recent Developments in Astronomy. Cambridge University
Press.

Hoyle, F. (1954). On Nuclear Reactions Occurring in Very Hot Stars. Astrophysical Journal
Supplement Series, 1, 121.

Hoyle, F., & Narlikar, J. V. (1964). Action at a Distance in Physics and Cosmology. San Francisco:
Freeman.

Hubble, E. P. (1929). A relation between distance and radial velocity among extra-galactic nebulae.
Proceedings of the National Academy of Sciences, 15(3), 168-173. doi:10.1073/pnas.15.3.168.

Lemaitre, G. (1927). Un Univers homogéne de masse constante et de rayon croissant rendant
compte de la vitesse radiale des nébuleuses extragalactiques. Annales de la Société Scientifique de
Bruxelles, A47, 49-56.

Nordtvedt, K. (1995). Testing Relativity with Laser Ranging to the Moon. Physical Review, 170(5),
1186-1187. doi:10.1103/PhysRev.170.1186

Peebles, P. J. E. (2001). Principles of Physical Cosmology. Princeton University Press.

Ray, S. (2019). Large Number Hypothesis: A Review. General Relativity and Gravitation, 51(1), 1-
26. doi:10.1007/s10714-018-2476-2.

Rees, M. (1997). Before the Beginning: Our Universe and Others. Addison-Wesley.
Robertson, H. P. (1933). Relativistic Cosmology. Reviews of Modern Physics, 5(1), 62-90.

Sahoo, B. K., Rath, P. K., & Biswal, S. (2018). Variations of Newton's Gravitational Constant and
Einstein's Cosmological Constant. Modern Physics Letters A, 33(38), 1850223.
doi:10.1142/S021773231850223X

Saunders, S., Barrett, J., Kent, A., & Wallace, D. (2010). Many Worlds?: Everett, Quantum Theory,
and Reality. Oxford University Press.

Singh, B. P. (2007). Is the Gravitational Constant, G, really constant? arXiv:0706.1238v1 [gr-qc].

Uzan, J-P. (2003). The Fundamental Constants and Their Variation: Observational Status and
Theoretical Motivations. Reviews of Modemn Physics, 75(2), 403-455.
doi:10.1103/RevModPhys.75.403.

Walker, A. G. (1937). On Milne's Theory of World-Structure. Proceedings of the London
Mathematical Society, 42(1), 90-127.

Weinberg, S. (1987). Anthropic Bound on the Cosmological Constant. Physical Review Letters, 59,
2607-2610. doi:10.1103/PhysRevLett.59.2607

Weyl, H. (1917). Zur Gravitationstheorie. Annalen der Physik (in German), 359(18), 117-145.
doi:10.1002/andp.19173591804

Weyl, H. (1917). On the Quantum Mechanics of the Electromagnetic Field. Physikalische
Zeitschrift, 18, 722-732.

Weyl, H. (1918). Gravitation and Electricity. Sitzungsberichte der Koniglich Preussischen
Akademie der Wissenschaften, 465-480.

Weyl, H. (1919). Eine Neue Erweiterung der Relativitédtstheorie. Annalen der Physik, 362(23),
1018-1024.

Wright, E. L. (2010). Errors in the Steady State and Quasi-SS Models. arXiv:1001.2011 [astro-ph].

_’|3_



55. Zel'dovich, Y. B. (1971). Cosmological Constant and Elementary Particles. Journal of Experimental
and Theoretical Physics Letters, 6, 345-347.

_’|4_



% 0C43 3| K& 1889 £ N KIRIE T
(COVID) K#fT5E: HiT COVID-19 fHHX#H&
AL

FIRFE ', WAL, A

"B EMAREARDAELR RERHRTAERLREMENER 1 XE
B K2

COVID-19 [FRIRAT AL, AHE X NFAVE I & J7 7= 7 AN 1
EKEI . COVID-19 IR EE (SARS-CoV-2) [ T S L4 4x B Rl IR E AE IR
4h, N CoV (HCoV) filik B IE 4 IR P REUER, BFFIIF. BN
pfig A S . %S SARS-CoV-2 HIRFEEIL, RAEEXHE R G B Al
T (0 R AT 2 AR A, AR 35 (0 R R a4 = AT O 5 @ E R R e . &
ARk, SEIIANZEEREE (HCoV) A 7 #f, 4 HCoV-NL63+ HCoV-229E.
HCoV-HKU1. HCoV-OC43. == G IFIRZR G AEIRIK # (SARS-CoV). HZR
WP 25 A AE TR 8 (MERS-CoV) 1 SARS-CoV-2. 73 HCoV-0C43 HJ
RETE— B 2 4R AT H BT OV FEAAT, 2 i A it e SRR 6 2 i )
L2 2005 A # B G4 4 % (Infectomics YWF 7T 1IE B 995 54 HCoV-OC43B! . HCo V-
OC43 TE AN RGF AT T A KB AR AR AL, & B AT B i s
B EERE 1) 4 PR #E 2 —. HCoV-0C43 55 SARS-CoV-2 [AlFiE, B
ZI MG ZES, ZFHAFREAELIE, R T RAT B ARk
BAEE BAEAR M2 2020 4 8 H 1 HIEARIN & EE TS COV-19 k& Al itk
NE S ANEI RN E ) HCoV. IXIK COV-19 AT X AN T 2
. DI, A5 OC43 51 1889 SE ANKEMRW B (COVID) KimtAT 5L, =
RDT SARS-CoV-2 Jh 2 b IR #5022 R Gedhidy K F AR PR JEL %

HCoV-0C43 FIfi4TH
B 2R R 19 a0 i) — IR OKRAT, 5 —IRBEAHR I COVID Kift
1T, REAFTAFIN 1889 & 12 H-1893 4F 6 A WP i i”, — & &l

_'|5_




T EEEERINEER =AY (3.5) . B R 1889 4F 12 A
21890 7 H, B RAE T UK (1890 4F 12 H—1891 7 H). B =
(1891 4 10 H-1892 4 7 H) KDY (1892 4F 12 H-1893 4 5 ) 1KLL,
X RKIRAT I P SR8 5 R AT, —FPUAT s o] DAEACAH 15 (G AN BRAR LI
A2 CBRESFIRC AT S D) AC I8 T HD [t SR gL if o b R4 T 43
RN H3NS J B 51 E2l0 . SR AR A7 R4 i) BT i SRR, “AR 2 M
TR AT IR S AN J5 44 FT B2 et R 22 71 B 435 B (Molecular Clock)
K13 A, Leen Vijgen 25 AFJEE T HCoV-OC43 FRA LA BCOV 73 B#EkR S FE A
RERER, ARSI EHEE, HCoV-0C43 I H A S A [
BCoV 4 BitkE i T 1890 4F 247, FHE B 2542 M2 1] N AL 481 5 —AMiEHE
&, T AT 6 R R 28 2R G AR BL A R R A (R BE D B, T
HCoV-0C43 R A #4212 2812 CHHE M ™. Kk, £E 1890 4£72 4 BCOV Al fig
PSEE TR, 5 R R RIRAT N ANARSE UG, SRR AR
TR EE (HCoV-0C43) [HEIL-101, iX kg HCoV-0C43 fE ANRAER RS+

Al AT 18 KA 3L .

Baginsky, A % N4a’5 (1% ZF W0 “MRP Wrm” mAT RIEA A3,
BAK S, AFEMXJUFERAE T =0T IR (& D. 83, M 1890 4 1
A aFFaER) 4 W, RS NEE R JE s SE(E, 1891 4 5 HZ 6 A
8 AN I T S e, R ABERET S, 25 18924 1 H&E 2 A S
JE BT B = AN PE T U, R R G A 2 Xt A 2 I T A A AL ) = R TR
(1, 55 [, (2 0 0 R o R 5 (1 5 [ B R 8% 3] T = AN B A 8 LoV, G
BTk )36 [ ER SR 22 gl N BYs 53— 5T, A9 G 5 AR A AR A5 X R A= AR R AN [R] T 35
EASEE, 25—U0RMIM 1889 4 12 FH74:3 1890 £ 7 H, #£4 1890 4 10 H
RAET — NIRRT R, 1893 45 5 AMEER T fea — OB IR .

FHEEZ T, SARS-CoV-2 JitdAT HI K a5 BEINIEMT . 2019 4K, JiafEH [H
B R, R EIRECR I T B i, {HF] 2020 45 2 H FHAJ, SARS-
CoV-2 & &% 3| b [H ) 2 M ORI 754312 7E8 N RIK 3 4F I (8], SARS-
CoV-2 #Ai a5t . WIREEHI L KB, SARS-CoV-2 7E 3 fE[AIHL S [ 3 4
S BL (B D TERVIMIE 8 A~ HBFIE, SEE LT RO ML AR,




SERIE BERCR AN D, ARIRRATIRN, SARS-CoV-2 LUK S22 A i) 5k i [ 4 i
REGE, EREHEERERD BE 2020 £ 7 ALA, B MEEILL
SR D614G (HUIAER, I TR MR, T OR—FEME R, e
T VIR E AR A, B o BRAA GRAIERERID . B AR (BAYITER
BRI vy BT GRYFEC TR A8 A Rk (BAITEREERID U, X 4x
FEHERIATHENT — B0 B o 30K RE AR A T 19 193 B A4 47 128 28 A/ sl 388 o g Jek 4
JRUSE 5 5 BERAEK o R B0 o B BT AR 2 PR R AR 1 AR 00 o 22 A BRI 1B R B,
AR 2021 4F 11 7 [t F AR 23Rk 35 (1) Omicron (B.1.1.529) 48 Bk,
BRI, (At i R E % . YA Rk, I HRAT 1 S
J7 VB T B AR UGS 1Y, PR SR AL BT R R AR A S TR
i, BRAEFERIRATHN BUR T AG, ELE) 2022 4E Omicron W & f3E SeAL 1 78 48k
SARS-CoV-2 /& I 545 F 1AL .

HCoV-0C43 SARS-CoV-2

1889.12 2019.12
— -
1890.01 Sk 2020.01

lxob.m_ - 2020.06

2020.07
1890.12

- 2021.07
1891.07

1891.10

- 2021.11
1892.07

2022.12

1893 | 348 L - 2023 34

s
il Fy e [A]£93.55

1 HCoV-OC43 F1 SARS-CoV-2 (1152 17 i 8] 325 % L
HCoV-OC43 T 1967 FEH IR RILHLEE N B wikis:, EoE NFE

NE L —F, G0 R EOR R E R0, L5 B (B 2), IRE RN S RNA
FE R A e 00 B AEMRFEAZ AR e B, FER A IR 8 7 gty 16 FrARSS R, T

_'|7_




TR D 4 FROTEWED, BMBEER (B). HIZHEEA (S, R
(M) FHEMZAKTE (N EFEEAPT, BT EER X LR SARS-CoV A JE K41 771
5 HCoV-0C43 HI[RIJEM: N 53.1%, $27r Hi 5 HCoV-0C43 A . # R4 R 2,
HCoV-OC43 G153 1 4% T B UE S AT UK SARS-CoV-2 $#R LA (1 R 4712,
B ()RR A HCoV-0C43 RefB A N 58 SARS-CoV-2 HELFIR @ iash i) R 4
BB 5HARRIEALL, TR EE A RS UEAR X (&7 5, AR TS B A E
AR WRAE LI C AWM, WiE R Rm a8 B/ E £, KEXE
BB LR SRR i 2 Y, XA 4 R LA IR 5 B R 5] R AT 1
UM N FL 30, 1 Ho2 @A), NKREH — KRB A SHILNY
P ok B o o T J e — ol B 2 R A IR 0T, G KB T 5 — AR I, A
HEHRBRILAR SRS, BEFELMIGENR ST EZWENIEL, Bk
995 T E LA 10 2 N SRHEAA, B i I R — AP R AR A @ R B (Eco-

health distance) I,

)

)

I

] P

: e

! HCoV-0C43 o—m okis 1| ns: | o
)

L}

L}
L}
i 5
SARS-CoV-2
e~ Lo - i
)
)

ORFMW Onrs

K — HCoV-0OC43 F1 SARS-CoV-2 95 B &5 MR R T %1

HCoV-0C43 &3
T KB, MR, AT T, T A A A
SRR, M, IR IR 2 S A R, ISR BR A, 1R 2

_'|8_




PERfZR (COPD) 8 4 T v (9 /5 9 A2 11 15 i ML B AHOC, COPD |8 2
T B A TS PEAR KR B B T 5 A7 A8 A A6 TR R R B 1 P R 3 1281
NRIFITE S K a8 (hRSV). VUBUREE (IV). R (CoV) Al
7 (hMPV) SERPIRE 35— BLHE MR, 50nT LAY BRI 4 B f 285 M) X
LRGP, 1980 4, W4 Z R MEREAE B3 R RIS M 2k B T
HCoV-0C43P%; 2004 47, 7£—44 )L 3 85 1) S MR A B Atk il 31 HCo V-
0C43, X4 )LERIH SEEHERCEBE R, X — MR R 2 &
iR S BB EE R, 20 Z4ERT, HCoV-OC43 s SLRES S U 40 Mo Je
PHARER . 2RI SR FH /D S SR A0 B ) S PR AR B, I LA B R e M
R B HEAEEE ST JERIZH RNA 15738 R B2 J5 2R 0 s ar /Iy RN S G
HCoV-OC43 554, 4 30w H A YLl 20 240 M A AH ) S158 FhAR 22 R G0 10
WTERE I3 S IHBN AR AN N S0 7 AR B IMTEAE R B, i2i BE LA B &
B RE.

RN, AR HCoV-0OC43 J&, el S iE-IRek R J o -fixi+
FIRAAE R BN A RS, K & RAREAL 3% i ZAEHBY /S5 HCov-0C43
AE R0 v A2 1) S5O 9 B AL R SN R R, B NETEA R U-
373MG J5 ] $ 8 IL-6. TNF-o fll MCP-1 mRNA ik Fif, $2R3LAT A S 8K
ML R GIRAS KSR RIS T 1077 4B, HCoV-0C43 RIS ge NI 40 i S
BowidE S A KA, Ml R EA S FEE A R R R HCoV-0C43,
M5 B B AN N ZRANZ O 40 M (¥ 50 T B 5239 (s8], L 43 B e 5 A G 3 A7 S gL/
B H B P SRR 075 o B R W 5 S AR A RAE (FE NS 2 41 i 15 779 v
TR TEREELAEAE AR v G AT SEUR TR T IR S B R AR U, s
IE A 5t 2% P BRI Bt BB 07 SR B B 78 9 HCoV-0C43 1E HHiX #1248 R 45 1)
I 2 A ISR 7B LA, B4R X HCoV-0C43 7E4K P I h 25 I Gt FE AT KL i1
A FERNE LB,

IR BORHE R, ik 73%[8 COVID-19 15t 8% B Xapa R4k, L8R
IR UV A R AR B A S AL A R e BREAR, R 2 R B g AR s P i 1441
FL b, A AR R IME RGAEIRE A H I COVID-19 AHIGREIRM . b5
it BE B AR RS W AR IE — 5] SARS-CoV-2 Kl X #1242 2 45 5| e s 23 14 fini




FIRBIHI, 7T SARS-CoV-2 ST R Gii i IR 7T A A, FEE@EdH S &
F 45 & 2L sh1E A A Bk R i (ACED-2 4k Bt A 4iff,
i 22 Z R R GRS IR B I AF 2 &R 2 (TMPRSS2) #EAT IR & H A 3h14Y,
ACE-2 M1 TMPRSS2 ¥JfFAE T/ il , Jy CNS 21 k15 . SARS-CoV-
2 MR B Nl 2 MBS eI R A (B 3-AL B), BIGERMEERS . WLa
Zak N LS A R RGN 1 A PR 7% 2 0 1T i e B (BBBD 1491, W L, HCoV-0C43
A1 SARS-CoV-2 fEf 2R Z8 @A A AR, #2451 05 75 ik e v vl BE -3 2
T ) R

fifi-Foi B FE AR PP 45 _E IR

2020 £ RWHRE T —2KEE COVID-19 1 3 N AL TFEIL, RILNIE
JrETERR IS CRITEARIR . WERE), FRAEA R, (HFA B IR IR iE
KR, WA IR, SARS-CoV-2 Kl g BitElel, B4R, SARS-CoV-2 AJ
RETEAN ELER 2B PN A RGN DL T HET 51 R BRI RGEA0 AT o 9 s B ik S fh: B
(RIBRAECTE . B . ARUMER M 451005, 7T R 2 5 30X 48 X8l ™ 5 (22 e 45
FIARZ JREW . S5 —J7 0, JifideS DR AAAE 8 (R S, il 28 RE W] el
SRAFEEY X RIS, 0 &AL 5 0 J5) 345 40 20 A1 G TR B 19, o 5 7
ARG RGP ThRERRAS | i I e R 4% AF 5 A I AR -y, e
WA O, SR R A4 T ROE . I RIHE N o iAE S i
2H R S 2R 2 i A S0 H L T VB EE N LA R R B S L
IR A s . MEE . T M-I AR- 1 E IR AR L R s

AR EIRIOM A RGBT, iR P%s 4 B VAR VR 1 ) s i 2 i
IR 5 A TR ROR SEIIR , BELL T B IR T e SRR g, IS AR 48 2R
452, COVID-19 FH I A2 — N SR 5] -, ™ B 14 5 A0 B R -1 XU B8 i L
FAH KD, T HCoV-OC43 MIRZAC 7 4 11 A 51 S NF-xB V& AL 1Y 58, 3X Flk LA
2 RINA 95 285 Hh G 16 a8 BV AE ALY, SRS A P8 778 R WP b p s H At
AR TR B S RIS AT RE N HCoV-0C43 18 781X S 4P %51, 7 H T
Poz-y OEWEE N MHC 1 384> T HIZRIE RGN HCoV-OC43 X #ili 2 4 fa fr)
JEYBO, SR, HCoV-OC43 EYy N IR E J5 0 #1222 G 1) ) Hei (B b

_20_




FH A K o

ANFAF HCoV-OC43, SARS-CoV-2 TE[HHRMIMZ RAMHLE] -H A
5% . SARS-CoV-2 E&Yen] LIE I JORE « Bk A A AR 2 pl DA K 5 S8 % 1 figg o e 7=
A TR (] 3-C D) P71, ¥4k, SARS-CoV-2 YL 5] e 4 B R B, S5
ERAME T BEF. REEA AMEF &, AHE T RRIETE 4 &A%
Bl S RIS, 3 ¢ RE PR 1T 5 | LA B B AR, AT S O 5T I BLIG IR
S5 R LS55 HF SARS-CoV-2 RGN 1 ool  AMA A T (0 A P L 46 7
RS, BAN, IERBIE R, SARS-CoV-2 JEYLMH S SO R e IR &
i, ET AT 51 A AR . K& A SN N B SR B, A 5 B3 B B
IR, X AT R A2 B 5 R A AR 48 R G 1 ik i TR 3R 2 — 181 5 —J5 THT , SARS-Co V-
2 IRYAEH A G ) TR, E AR SE R, B, ORI SN B AR
gL B AR 22, —Be R Ye SARS-CoV-2 [ 3% R B t e RS0/ 51 1
L5 240 B LR YA G (0 AR bR B AR S PR B DR 7 K O R, PRI R S
A2 1 R e — D I A 2 R G A A0 P RT RGBT A

ERATRS

3 Sl R 35 0 F 4 2 40 0 L R A ) e 45 4%
A: R LA E B MR AR BN 5, 5l 5 R AR R R RS B: &
JER NI, I BRI B2, P IE I S ER R A s e R A A 4
M, FENUARAGRAN T AR, SOERN T E ARG D: MEEGYE S5
BREE, MRS, SO N, S BUmARTE K.

_2'|_




SARS-CoV-2 &4 15 R K

LRI 5 (1 R AL e 77 S v = 2 A0/ s [R) AL e 2 A B 0 5 AN IT
KIAFEAE (0 E RSN H118). HCoV-OC43 FIEAGIE 1 pi 9828 AN E 40 A 70 N 26
FEROR FERFEAE IO, BEHCoV-OC43 4 K U 1004, HAE ) LI PR i ek e
FARIBAE B S5, I REB AT AR R BRI #1811, 20144511 H 220164F11
o R KR 13 5% I B A Bt R AL X SR A3 PE 98 (CAP) JLEE HEAT I — TR AE PR B 72
e, R T B I HCoV-OC43 5 21 JE R U061, — 01201 64F [ ) L 23 #1150 ik
TR JEAR AT BB 7T . HCoV-OC432 76 /N T 124 H 1) L3 A 85 8 L) B0 &
(70, Fp MRS 2R B, HCoV-OCA3 AT TS BUAE I ST o, &3 AE e R AL T 5 1)
NI . Rl , SHEEDR gL AN Fe 8 M vl e 7E N A THCoV-0C43 4t
DRI TR R 2 1 2 A TR IO, B A 7 o o i X LA b 2 At R ) 45145 5% . 7 R i
JLHIARK, HCoV-OC 435K RAFE AR, X ik R A 4 38 7] SR HCoV-OC 434k
FEHIRAT 0 3 AL AT

HARSARS-CoV-2 Hi B 25 A I6F [ 5 0, {1 B A6 7 2 e 5 1 40 6 10 A 2 o
COVID-19&35 i, AR AT REFR Z AT A el BRe AR BRI ST .
i R B3 2% L B 9 25700, 5 I R AIE 4 3 I SARS-Co V-2 YL [ # 5 R 41 3%
PLAT 51 LE FRE, ER /DA W PP SARS-CoV- 208 Yen K w2 5 AT
ST, COVID-19 K I FE J5 a8 hE 8 K B AT COVID-19 8 35 78 2 /M JiE 49145
FAAE ™ 5 ) JU2) 3K AT RO “ K COVID” [IHT AR i AL, B a5 K30 LA
SRS R G0E R, 2 HCoV-0C43iE A AL, COVID-1945 4k 4:
FATE, FHE G RAZ AR S I e PRI B 10 AR Sk RAZ A G i f e f T 74 4R,
FESARS-CoV-2 43 N 5 NFRKMIIAZ BT B, 15 8 HCoV-OC43 JI LR TTEAE
KA NP R G000 BRI RN A P2, AR AT SARS-CoV-2J5 2 4K
SR S IR I3 B A LA 28 2R G R0 B A AR R J Sy B BNt i HE Rk 48 it 2
%,




£ B

MAO L, JIN H, WANG M, et al. Neurologic Manifestations of Hospitalized Patients With
Coronavirus Disease 2019 in Wuhan, China[J]. JAMA Neurol, 2020,77(6): 683-690.

KIM M I, LEE C. Human Coronavirus OC43 as a Low-Risk Model to Study COVID-19[J].
Viruses, 2023,15(2).

VIIGEN L, KEYAERTS E, MOES E, et al. Complete genomic sequence of human
coronavirus OC43: molecular clock analysis suggests a relatively recent zoonotic coronavirus
transmission event[J]. J Virol, 2005,79(3): 1595-1604.

Leyden, E., and Guttmann, S. Die Influenza-Epidemie 1889/90[M].Verlag J.F. Bergmann,
Wiesbaden, 1892.

EWING E T. La Grippe or Russian influenza: Mortality statistics during the 1890 Epidemic
in Indiana[J]. Influenza Other Respir Viruses, 2019,13(3): 279-287.

VALLERON A J, CORI A, VALTAT S, et al. Transmissibility and geographic spread of the
1889 influenza pandemic[J]. Proc Natl Acad SciU S A, 2010,107(19): 8778-8781.
DALLMEIER K. Palaecoserology - teeth put into ancient plagues and pandemics[J]. Microb
Biotechnol, 2022,15(7): 1940-1942.

ARBOUR N, DAY R, NEWCOMBE J, et al. Neuroinvasion by human respiratory
coronaviruses[J]. J Virol, 2000,74(19): 8913-8921.

Victor S Huang. Mirroring History of the “Russian Flu”: Infectomic Decoding of COVID-19
[M]. Smashwords.

SHAW B, GATHERER D. Candidate historical events for the emergence of Human
Coronavirus OC43: A critical reassessment of the molecular evidence[J]. PLoS One,
2023,18(5): e285481.

HONIGSBAUM M. The 'Russian’ influenza in the UK: lessons learned, opportunities
missed[J]. Vaccine, 2011,29 Suppl 2: B11-B15.

KOELLE K, MARTIN M A, ANTIA R, et al. The changing epidemiology of SARS-CoV-
2[J]. Science, 2022,375(6585): 1116-1121.

MARKOV P V, GHAFARI M, BEER M, et al. The evolution of SARS-CoV-2[J]. Nat Rev
Microbiol, 2023,21(6): 361-379.

WANG C, ZHENG Y, NIU Z, et al. The virological impacts of SARS-CoV-2 D614G
mutation[J]. J Mol Cell Biol, 2021,13(10): 712-720.

MOHAMMADI M, SHAYESTEHPOUR M, MIRZAEI H. The impact of spike mutated
variants of SARS-CoV2 [Alpha, Beta, Gamma, Delta, and Lambda] on the efficacy of subunit
recombinant vaccines[J]. Braz J Infect Dis, 2021,25(4): 101606.

TAO K, TZOU P L, NOUHIN J, et al. The biological and clinical significance of emerging
SARS-CoV-2 variants[J]. Nat Rev Genet, 2021,22(12): 757-773.

LAMBROU A S, SHIRK P, STEELE M K, et al. Genomic Surveillance for SARS-CoV-2
Variants: Predominance of the Delta (B.1.617.2) and Omicron (B.1.1.529) Variants - United
States, June 2021-January 2022[J]. MMWR Morb Mortal Wkly Rep, 2022,71(6): 206-211.
CHEN J, WANG R, GILBY N B, et al. Omicron Variant (B.1.1.529): Infectivity, Vaccine
Breakthrough, and Antibody Resistance[J]. J Chem Inf Model, 2022,62(2): 412-422.
TORJESEN I. Covid-19: Omicron may be more transmissible than other variants and partly
resistant to existing vaccines, scientists fear[J]. BMJ, 2021,375: n2943.

_23_




LAU S K, LEE P, TSANG A K, et al. Molecular epidemiology of human coronavirus OC43
reveals evolution of different genotypes over time and recent emergence of a novel genotype
due to natural recombination[J]. J Virol, 2011,85(21): 11325-11337.

LEAO J C, GUSMAO T, ZARZAR A M, et al. Coronaviridae-Old friends, new enemy![J].
Oral Dis, 2022,28 Suppl 1(Suppl 1): 858-866.

ST-JEAN J R, JACOMY H, DESFORGES M, et al. Human respiratory coronavirus OC43:
genetic stability and neuroinvasion[J]. J Virol, 2004,78(16): 8824-8834.

LAVELL A, SIKKENS J J, EDRIDGE A, et al. Recent infection with HCoV-OC43 may be
associated with protection against SARS-CoV-2 infection[J]. iScience, 2022,25(10): 105105.
MULABBI E N, TWEYONGYERE R, BYARUGABA D K. The history of the emergence
and transmission of human coronaviruses[J]. Onderstepoort J Vet Res, 2021,88(1): el-e8.
LIW,SHIZ, YU M, et al. Bats are natural reservoirs of SARS-like coronaviruses[J]. Science,
2005,310(5748): 676-679.

TANG G, LIU Z, CHEN D. Human coronaviruses: Origin, host and receptor[J]. J Clin Virol,
2022,155: 105246.

LI C, CHEN W, LIN F, et al. Functional Two-Way Crosstalk Between Brain and Lung: The
Brain-Lung Axis[J]. Cell Mol Neurobiol, 2023,43(3): 991-1003.

LAHOUSSE L, TIEMEIER H, IKRAM M A, et al. Chronic obstructive pulmonary disease
and cerebrovascular disease: A comprehensive review[J]. Respir Med, 2015,109(11): 1371-
1380.

BOHMWALD K, GALVEZ N, RiOS M, et al. Neurologic Alterations Due to Respiratory
Virus Infections[J]. Front Cell Neurosci, 2018,12: 386.

BURKS J S, DEVALD B L, JANKOVSKY L D, et al. Two coronaviruses isolated from
central nervous system tissue of two multiple sclerosis patients[J]. Science, 1980,209(4459):
933-934.

YEH E A, COLLINS A, COHEN M E, et al. Detection of coronavirus in the central nervous
system of a child with acute disseminated encephalomyelitis[J]. Pediatrics, 2004,113(1 Pt 1):
e73-e76.

ARBOUR N, COTE G, LACHANCE C, et al. Acute and persistent infection of human neural
cell lines by human coronavirus OC43([J]. J Virol, 1999,73(4): 3338-3350.

ST-JEAN J R, JACOMY H, DESFORGES M, et al. Human respiratory coronavirus OC43:
genetic stability and neuroinvasion[J]. J Virol, 2004,78(16): 8824-8834.

DUBE M, Le COUPANEC A, WONG A, et al. Axonal Transport Enables Neuron-to-Neuron
Propagation of Human Coronavirus OC43[J]. J Virol, 2018,92(17).

BUTLER N, PEWE L, TRANDEM K, et al. HCoV-OC43-induced encephalitis is in part
immune-mediated[J]. Adv Exp Med Biol, 2006,581: 531-534.

EDWARDS J A, DENIS F, TALBOT P J. Activation of glial cells by human coronavirus
0C43 infection[J]. J Neuroimmunol, 2000,108(1-2): 73-81.

JACOMY H, ST-JEAN J R, BRISON E, et al. Mutations in the spike glycoprotein of human
coronavirus OC43 modulate disease in BALB/c mice from encephalitis to flaccid paralysis
and demyelination[J]. J Neurovirol, 2010,16(4): 279-293.

MEESSEN-PINARD M, Le COUPANEC A, DESFORGES M, et al. Pivotal Role of
Receptor-Interacting Protein Kinase 1 and Mixed Lineage Kinase Domain-Like in Neuronal
Cell Death Induced by the Human Neuroinvasive Coronavirus OC43[J]. J Virol, 2017,91(1).

_24_




NIU J, SHEN L, HUANG B, et al. Non-invasive bioluminescence imaging of HCoV-OC43
infection and therapy in the central nervous system of live mice[J]. Antiviral Res, 2020,173:
104646.

GIACOMELLI A, PEZZATI L, CONTIF, et al. Self-reported Olfactory and Taste Disorders
in Patients With Severe Acute Respiratory Coronavirus 2 Infection: A Cross-sectional
Study[J]. Clin Infect Dis, 2020,71(15): 889-890.

MAURY A, LYOUBI A, PEIFFER-SMADJA N, et al. Neurological manifestations
associated with SARS-CoV-2 and other coronaviruses: A narrative review for clinicians[J].
Rev Neurol (Paris), 2021,177(1-2): 51-64.

MAO L, JIN H, WANG M, et al. Neurologic Manifestations of Hospitalized Patients With
Coronavirus Disease 2019 in Wuhan, China[J]. JAMA Neurol, 2020,77(6): 683-690.

WU Y, XU X, CHEN Z, et al. Nervous system involvement after infection with COVID-19
and other coronaviruses[J]. Brain Behav Immun, 2020,87: 18-22.

HOFFMANN M, KLEINE-WEBER H, SCHROEDER S, et al. SARS-CoV-2 Cell Entry
Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor[J].
Cell, 2020,181(2): 271-280.

HINGORANI K S, BHADOLA S, CERVANTES-ARSLANIAN A M. COVID-19 and the
brain[J]. Trends Cardiovasc Med, 2022,32(6): 323-330.

NATHAN N, PREVOST B, CORVOL H. Atypical presentation of COVID-19 in young
infants[J]. Lancet, 2020,395(10235): 1481.

GENTILE F, BOCCI T, COPPOLA 8, et al. Putative Role of the Lung-Brain Axis in the
Pathogenesis of COVID-19-Associated Respiratory Failure: A Systematic Review[J].
Biomedicines, 2022,10(3).

BELL J S, SPENCER J I, YATES R L, et al. Invited Review: From nose to gut - the role of
the microbiome in neurological disease[J]. Neuropathol Appl Neurobiol, 2019,45(3): 195-215.
CAIXTA L, YANG X, YURONG T, et al. Involvement of epigenetic modification in epithelial
immune responses during respiratory syncytial virus infection[J]. Microb Pathog, 2019,130:
186-189.

NUZZO D, PICONE P. Potential neurological effects of severe COVID-19 infection[J].
Neurosci Res, 2020,158: 1-5.

STEVENS R D, PUYBASSET L. The brain-lung-brain axis[J]. Intensive Care Med,
2011,37(7): 1054-1056.

BAJINKA O, SIMBILYABO L, TAN Y, et al. Lung-brain axis[J]. Crit Rev Microbiol,
2022,48(3): 257-269.

PENSATO U, MUCCIOLI L, CANI 1, et al. Brain dysfunction in COVID-19 and CAR-T
therapy: cytokine storm-associated encephalopathy[J]. Ann Clin Transl Neurol, 2021,8(4):
968-979.

LAIF W, STEPHENSON K B, MAHONY J, et al. Human coronavirus OC43 nucleocapsid
protein binds microRNA 9 and potentiates NF- x B activation[J]. J Virol, 2014,88(1): 54-65.
ZHAO X, GUOF, LIU F, et al. Interferon induction of IFITM proteins promotes infection by
human coronavirus OC43[J]. Proc Natl Acad Sci U S A, 2014,111(18): 6756-6761.
COLLINS A R. Interferon gamma potentiates human coronavirus OC43 infection of neuronal
cells by modulation of HLA class I expression[J]. Immunol Invest, 1995,24(6): 977-986.
ERICKSON M A, RHEA E M, KNOPP R C, et al. Interactions of SARS-CoV-2 with the

_25_




Blood-Brain Barrier[J]. Int ] Mol Sci, 2021,22(5).

TAY M Z, POH C M, RENIA L, et al. The trinity of COVID-19: immunity, inflammation and
intervention[J]. Nat Rev Immunol, 2020,20(6): 363-374.

MERRILL J T, ERKAN D, WINAKUR J, et al. Emerging evidence of a COVID-19
thrombotic syndrome has treatment implications[J]. Nat Rev Rheumatol, 2020,16(10): 581-
589.

GALLO M B, AGHAGOLI G, LAVINE K, et al. Predictors of COVID-19 severity: A
literature review[J]. Rev Med Virol, 2021,31(1): 1-10.

YANG Y, ROSENBERG G A. Blood-brain barrier breakdown in acute and chronic
cerebrovascular disease[J]. Stroke, 2011,42(11): 3323-3328.

MIRZAEI R, GOODARZI P, ASADI M, et al. Bacterial co-infections with SARS-CoV-2[J].
IUBMB Life, 2020,72(10): 2097-2111.

LAM T T, JIA N, ZHANG Y W, et al. Identifying SARS-CoV-2-related coronaviruses in
Malayan pangolins[J]. Nature, 2020,583(7815): 282-285.

KIN N, MISZCZAK F, LIN W, et al. Genomic Analysis of 15 Human Coronaviruses OC43
(HCoV-0OC43s) Circulating in France from 2001 to 2013 Reveals a High Intra-Specific
Diversity with New Recombinant Genotypes[J]. Viruses, 2015,7(5): 2358-2377.
OTTOGALLI M E, RODRIGUEZ P E, FRUTOS M C, et al. Circulation of human
coronaviruses OC43 and 229E in Cordoba, Argentina[J]. Arch Virol, 2021,166(3): 929-933.
ZHU Y, LI C, CHEN L, et al. A novel human coronavirus OC43 genotype detected in
mainland China[J]. Emerg Microbes Infect, 2018,7(1): 173.

CARMAN K B, CALIK M, KARAL Y, et al. Viral etiological causes of febrile seizures for
respiratory pathogens (EFES Study)[J]. Hum Vaccin Immunother, 2019,15(2): 496-502.
REN L, ZHANG Y, LI J, et al. Genetic drift of human coronavirus OC43 spike gene during
adaptive evolution[J]. Sci Rep, 2015,5: 11451.

ZHANG Y, L1J, XIAO 'Y, et al. Genotype shift in human coronavirus OC43 and emergence
of a novel genotype by natural recombination[J]. J Infect, 2015,70(6): 641-650.

PETERSEN M S, KRISTIANSEN M F, HANUSSON K D, et al. Long COVID in the Faroe
Islands: A Longitudinal Study Among Nonhospitalized Patients[J]. Clin Infect Dis,
2021,73(11): e4058-e4063.

SINGER T G, EVANKOVICH K D, FISHER K, et al. Coronavirus Infections in the Nervous
System of Children: A Scoping Review Making the Case for Long-Term Neurodevelopmental
Surveillance[J]. Pediatr Neurol, 2021,117: 47-63.

van den BORST B, PETERS J B, BRINK M, et al. Comprehensive Health Assessment 3
Months After Recovery From Acute Coronavirus Disease 2019 (COVID-19)[J]. Clin Infect
Dis, 2021,73(5): €1089-e1098.

NATH A. Long-Haul COVIDIJ]. Neurology, 2020,95(13): 559-560.

ROKNUZZAMAN A, SARKER R, NAZMUNNAHAR, et al. The possibility and challenge
evaluation about the declaration of end of the pandemic phase of Covid-19[J]. Ann Med Surg
(Lond), 2023,85(5): 2237-2239.




Virginia Woolf’s Between the Acts: A Trauma-Theory Case Study

James J. Lu

Reading Virginia Woolf’s Between the Acts for the first time, readers most likely will find
themselves puzzled by the novel’s utterly chaotic scenes in a virtually plotless narrative. That
was exactly what happened to me when I first read the book on my own, along with To the
Lighthouse, Mrs. Dalloway and The Waves which were assigned as required texts in an English
course I took as a graduate student at Duke University thirty some years ago. Back then, I
conveniently and in hindsight presumptuously attributed the descriptive chaos in the novel to the
author’s innovative display of the stream-of-consciousness, as also employed by James Joyce

and others. That approach didn’t really help, for I remained baffled. I did not enjoy the book.

In this paper, I intend to reflect on that distant experience, and to demonstrate now a far better
understanding gained over years of teaching and research in related subjects. I want to point at
the severe damage caused by Germany’s 1940 bombing of London not only to Virginia Woolf’s
homes but to her personally, psychologically. A direct link can be placed between the writer’s
traumatic experience during WWII and her symbolic representation of fragmented images in
Between the Act. Taking advantage of some persuasive trauma theories now surging in
neurosciences and in literary studies, I wish to highlight the functionality of writing as a potential
therapy for artists such as Virginia Woolf to survive and self-express, as long or as temporarily
as possible. Finally, I argue that while suicide in general is problematic, Virginia Woolf’s suicide

deserves reconsideration and reassessment.

Literary historians and biographers have noted that from her childhood, depression and suicidal

ideation had haunted Virginia periodically. She suffered sexual abuse at a young age and,
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according to Emma Woolf, her great niece, between 1913-15 the novelist “made several suicide

attempts, including trying to jump from a window...” (Newsweek, http://www.newsweek.com/

015/02/27/joyful-gossipy-and-absurd-private-life-virginia-woolf-306438.html). Weak, miserable

and perhaps deplorable she might have appeared, Virginia Woolf managed to survive, and later
developed into one of the most famous writers of 20" century world literature. What eventually
took her life in March, 1941 was apparently the worst nightmare of her life: World War II. Nazi
Germany’s horrifying destruction of London and other cities throughout Europe, especially of

the novelist’s own homes, profoundly affected, disturbed, and eventually doomed her.

Virginia Woolf’s numerous diaries served as a factual documentation of the war and its impact
on her mentally. On Thursday, 5 September 1940, she wrote, “Hot, hot, hot. Record heat wave,
record summer if we kept records this summer. At 2.30 a plane zooms; then minutes later air raid
sounds....” (“The Bombing of London” 47). Two days later, she recorded, “An air raid in
progress. Planes zooming” (“The Bombing of London” 48). On September 10, she continued,
“Back from half a day in London.... The house about thirty yards from ours struck at one this
morning by a bomb. Completely ruined” (“The Bombing of London” 48). A week later, on
September 18, Virginia learned that her own homes at two separate locations in London were
severely damaged: ““We have need of all our courage’ are the words that came to the surface this
morning; upon hearing that all our windows are broken, ceilings down, & most of our china
smashed at Meck. Sq. The bomb exploded. Why did we ever leave Tavistock?” (“A Writer’s
Diary,” 338). Under Germans’ frequent bombing of London, Virginia found the situation nerve-
racking: “When the bombs make our windows rattle I always jump, I don‘t like sitting of an

evening and thinking the drone which is weaving its web above me is about to drop” (L VI, 439).
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Apart from diaries, Virginia Woolf also wrote essays. For example, in an essay titled “Thoughts
on Peace in an Air Raid,” published on 21 October 1940, Woolf describes air raids almost

photographically. She also contemplates the possibility of future peace:

The drone of the planes is now like a sawing of a branch overhead. Round and round it
goes, sawing and sawing at a branch directly above the house. Another sound begins

sawing its way in the brain... A bomb drops. All the windows rattle.

There are to be no more guns, no army, no navy, no air force in the future. No more

young men will be trained to fight with arms. (

No one seems to know for sure exactly when the author began to write her final novel Between
the Acts. We may speculate that the book evolved into the present form during the last few
months of 1940 and the beginning months of 1941 as the war was raging on. During that period
of time Virginia struggled with stress and anxiety which took a heavy toll on her. She suffered
from a draining depression. In the meantime, from diaries to essays and then to her final novel,
she continued to write. Not only did she write to express her feelings, to document the war, but
she also, in my opinion, were using writing as a means to search for the continued meaning of

life under horrible duress.

Cathy Caruth, author of Unclaimed Experience: Trauma, Narrative and History, Trauma:
Explorations in Memory; and The Future of Trauma Theory: Contemporary Literary, Cultural
Criticism, and Listening to Trauma: Conversations with Leaders in the Theory and Treatment of
Catastrophic Experience, is arguably the best-known trauma theorist in America today. Caruth

“pioneered a psychoanalytic poststructural approach that suggests trauma is an unsolvable
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problem of the unconscious that illuminates the inherent contradictions of experience and

language” (Balaev, https:/link.springer.com/ chapter/10.1057/9781137365941 1). In Trauma.
Explorations in Memory, she notes, “For the survivor of trauma, then, the truth of the event may
reside not only in its brutal facts, but also in the way that their occurrence defies simple
comprehension. The flashback or traumatic reenactment conveys... both the truth of an event,
and the truth of its incomprehensibility” (Trauma: Explorations in Memory, 153) ed. Cathy
Caruth). Literature, for Caruth, “opens a window on traumatic experience because it teaches
readers to listen to what can be told only in indirect and surprising ways”

(https://www.amazon.com/Trauma-Explorations-Memory-Cathy-Caruth/dp/ 080185007X). “An

important aspect of Caruth' s approach to trauma,” fellow trauma theorist Ruth Leys points out,
“is her suggestion that if language nevertheless succeeds in testifying to the traumatic horror, it
does so only when the referential function of words begins to break down, with the result that, as
Walter Benn Michaels has put it, what is transmitted is "not the normalizing knowledge of the

horror but the horror itself.” (“Trauma and the Turn to Affect”; https://www.questia.com/

library/journal/1P3-284942973 1/trauma-and-the-turn-to-affect).

The massive destruction caused by World War II, for Virginia Woolf, was an unbearably
traumatic event. In Between the Acts, the author exhibited a tendency to break up the normal
sequence of events, or the conventional syntax of sentences, by filling the narrative with
interruptions and leaving gaps between language and empirical experience, which inevitably

results in the novel’s enigma or incomprehensibility.

Between the Acts is set in the summer of 1939, roughly a year in actuality before the Germans

started bombing London. From the very beginning, the author hints at elements of a war. On the
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first page, mentioned are “graves in the churchyard,” and a bit later the narrator points to an
aeroplane propeller spinning “faster, faster, faster...and [f]lying, rushing through the ambient,
incandescent, summer....” (15). Much of the story centers on the annual Pageant for which every
character prepares for and participates in. Described as “a bit of everything”: “Act; dance;

sing....” (58), the Pageant turns out to be a chaotic and discordant play, full of sound and fury.

Shortly after Virginia Woolf committed suicide, on October 5, 1941, a critic named Hudson
Strode wrote the following commentary: ""Between the Acts’ is one of Mrs. Woolf’s most
seemingly simple books: the plot well integrated, the fancy under deft control. There is even a
new calmness, a new clarity. She is not lost in webs of speculation, thin-drawn to
incommunicability as in "The Waves’...." (). I do not agree with that observation. Most readers,
as I did many years ago, would find the plot of Between the Acts random or unpredictable at best.
Aside from the novel’s linguistic indeterminacy and ambiguous referentiality, the sequences of
events are precariously arranged; they are hard to follow. Interestingly, within the novel’s
narrative, author Virginia Woolf provides an answer to the question, “Does the plot matter?”
From Page 90 to Page 91, a character named Isabella wonders about the confusion in the
Pageant’s plot of which she “could make nothing” out (90): “Did the plot matter? She shifted and
looked over her right shoulder... There was no need to puzzle out the plot.... Don’t bother about

the plot: the plot’s nothing” (90-91).

The author uses a variety of indicative words to suggest frequent disruptions of normality during
the Pageant. The word “interruption,” like other nouns such as “death,” “silence,” “blast,”
“scraps and fragments,” or adjectives “empty,” “degenerate,” “dispersed,” “gone,” “forgotten,”

appears repeatedly in the narration. Striking, too, are a number of three-word refrains: for
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instance, “Tick, tick, tick, went the machine in the bushes” (174); “Tick, tick, tick the machine
reiterated” (175); “Tick, tick, tick the machine continued” (82); then “Chuff, chuff, chuff the
machine ticked” (81); “Chuff, chuff, chuff went the machine” (82); and “The chuff, chuff, chuff
of the machine in the bushes...” (157). The monotonous noises somehow resemble the sounds of
machine guns. Coupled with words such as “blast,” it is not far fetching to interpret Virginia’s

choices of all the words above mentioned as indirect references to the raging war and its impact.

Daniel Ferrer, in his book Virginia Woolf and the Madness of Language, analyzes how “Woolf's
madness (not as a thematics, but as a condition of texts) [is] related to the essential structure of
language, as acts to cover over fundamental voids” (qtd. Geoffrey Bennington and Rachel
Bowlby, 16). For Woolf, “Writing [is] only made possible by a process of making the void and
denying madness and death, but it is also, contradictorily, a reiteration of a void, a taking up of

madness, a repetition of death” (Ferrer, 99).

Virginia Woolf’s madness at destructive forces finds expression in her occasionally mad
language. In Between the Acts, at one point the author lets one character utter, with anger and
distain: “those damned Germans” (151). She even uses the word “maddening” when describing
metaphorically how everyone in the audience who stares at the Pageant’s stage looks like a
prisoner: “They were all caught and caged; prisoners; watching a spectacle. Nothing happened.
The tick of the machine was maddening” (176). Void and death literally scatter everywhere,
pervading the story. For example, on page 120, it reads, “The stage was empty”’; on page 181,
“Civilization...in ruins”; and on page 189, “The voice died away” (189); and on page 147, “All
gone. Following the wind. He is gone; she is gone....” Then, as the Pageant continues, readers

can hear one character growling, “O that our human pain could here have an ending” (180).
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Symbolically, of course, all the above descriptions could be interpreted as related to war and its

devastating consequences.

Longer passages implying void, death, sorrow and despair thread through the entire narrative.
From Page 36 to Page 37, “Empty, empty, empty; silent, silent, silent. The room was a shell,
singing of what was before time was; a vase stood in the heart of the house, alabaster, smooth,
cold, holding the still, distilled essence of emptiness, silence.” Later, “...the shower fell, sudden,
profuse. No one had seen the cloud coming. There it was, black, swollen, on top of them. Down
it poured like all the people in the world weeping. Tears, Tears, Tears” (180). And, as a final
example, on Page 188, “Look at ourselves, ladies and gentlemen! Then at the wall; and ask
how’s this wall, the great wall, which we call, perhaps miscall, civilization, to be built by (here

the mirrors flicked and flashed) orts, scraps and fragments like ourselves?”

In “Trauma and Recovery in Virginia Woolf’s Mrs. Dalloway,” Karen DeMeester proposes that
Virginia Woolf’s portrayal of Septimus Smith “illustrates not only the psychological injuries
suffered by victims of severe trauma such as war but also the need for them to give meaning to

their suffering in order to recover from the trauma” (https:/muse.jhu.edu/

article/21307/summary). If Woolf has intended in Mrs. Dalloway to illustrate “not only the

psychological injuries” of a war victim “but also the need...to give meaning to...suffering in
order to recover from the trauma,” I argue that in Between the Acts, although no character is
portrayed clearly as a victim of war, we should feel empathy for Virginia Woolf as a victim of
World War 11, a victim who, through writing, gave profound meaning to suffering not only in

order for herself to survive, but to inform the readers of the real suffering and its meaning.
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Between the Acts can be interpreted as of “Destruction Art,” a term Kristine Stiles has coined to
“identify the presentational works that situate the body in the center of the question of
destruction and survival” (30). “In destruction art, artists present the ‘imagery of extinction’
localized in the body, the object, which is offered as a destructible material and/or an agent of

13

that destruction” (31). Stiles, too, recognizes writing’s therapeutic function: “...the destruction
art is not only about the presentation of destruction. It is also one of the means by which a world
of consciousness is being formed that may contribute to the construction of an altered sense of
self, which is necessary to insure human survival” (31). Between the Acts differs from Virginia
Woolf’s other works such as her diaries and essays written during the final year of her life, in
terms of journalistic accuracy or documentary values. The novel, nonetheless, reflects truthfully
the author’s disturbed state of mind, her strong creative impulses, her sharp perception of reality,
and her pessimistic view of the world’s future. That Virginia Woolf produced such a novel, as it

is, signifies that through a conscious act of writing she managed to draw enough aspiration and

inspiration to sustain her life till she could no longer.

We know that on March 27, 1941, Virginia Woolf wrote to her publisher, John Lehmann, about
the manuscript of Between the Acts, describing it as “too silly and trivial” to bring out in its
present form, and promising to revise it for publication later in the year. The next day, after
writing another note, a suicide note, to her husband Leonard Woolf, she filled her pockets with
stones and drowned herself in a river near her home. Her suicide gave rise to some controversy.
Sybil Oldfield, editor of Afterwords. Letters on the Death of Virginia Woolf, observes that upon
Virginia’s death there were critics attacking her “for showing cowardice in the face of the enemy

and for setting a bad example to the general population” (https://www.goodreads.com/

book/show/108651).
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In defense of Virginia Woolf, I propose that it is important to understand her suicide holistically.
Before drowning herself, Virginia had attempted suicide more than once, but World War II was
the worst traumatic experience in her life. If previously the primary cause for her attempted
suicide was largely personal or domestic, now during World War II, with Nazi Germany’s
constant bombing and rumors of a German invasion, she must have felt a strong sense of loss not
merely of personal safety or meaning of existence, but also that of the entire humanity and
civilization. It is important to note that it was at the height of Hitler's victories during the War
that Virginia Woolf committed suicide. When witnessing evil forces launching a large-scale war
with massive destruction of towns, cities and human lives, it is natural for anyone, especially one
with chronical depression, to find herself or himself disturbed, traumatized, fearful, powerless,
helpless, and hopeless. In Virginia Woolf’s case, the fear of death in her and among her fellow
countrymen at the time was real. That is perhaps why author Virginia Woolf depicts a character
in Between the Acts groaning, “The doom of sudden death hanging over us” (114). Although
literature and writing provided her relief, Virginia Woolf’s depression, understandably, worsened.
She revealed in her suicide note to Leonard Woolf: “I feel certain I am going mad again. I feel
we can’t go through another of those terrible times. And I shan’t recover this time. I begin to
hear voices, and I can’t concentrate...” (https://www.brainpickings.org/2014/03/28/virginia-
woolf-suicide-letter/). Indeed, according to an Associated Press report dated April 19, 1941:
“Her husband testified that Mrs. Woolf had been depressed for a considerable length of time”

(http://hcox7.blogspot.com/2013/11/). Apparently novelist Virginia Woolf was suffering not

only mentally or only bodily but rather both mentally and bodily. For a trauma patient, when

physical as well as mental suffering reaches a certain point, “death instinct” could rise and
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intensify. Those who accused Virginia Woolf of cowardice unfortunately failed to take into

account her physical and mental illness; therefore, their attack was not fair in the first place.

More importantly, Virginia Woolf’s stated reason for suicide should earn her respect if not
admiration. In her suicide note, she expresses, in a calm and warm tone, her appreciation of the
loving care from her husband over the years. She makes it clear that it is her desire not to
continue burdening her beloved ones that she would choose to end her life. The entire suicide

note reads as follows:

Dearest,

I feel certain I am going mad again. I feel we can’t go through another of those terrible
times. And I shan’t recover this time. I begin to hear voices, and I can’t concentrate. So I
am doing what seems the best thing to do. You have given me the greatest possible
happiness. You have been in every way all that anyone could be. I don’t think two people
could have been happier till this terrible disease came. I can’t fight any longer. I know
that I am spoiling your life, that without me you could work. And you will I know. You
see | can’t even write this properly. I can’t read. What I want to say is [ owe all the
happiness of my life to you. You have been entirely patient with me and incredibly good.
I want to say that — everybody knows it. If anybody could have saved me it would have
been you. Everything has gone from me but the certainty of your goodness. I can’t go on
spoiling your life any longer. (https://www.brainpickings.org/2014/03/28/virginia-woolf-

suicide-letter/)
Finally, while in general suicide means a self-inflicted pain and loss of life, which Christians
view as offensive, it has been used, throughout human history, but especially in recent centuries,
as a means for political or social protest. As Michael Biggs observes in an article “How

Repertoires Evolve: The Diffusion of Suicide Protest in the Twentieth Century,” increasingly we

see instances of individuals “killing oneself, without harming others, for a collective cause”
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(http://mobilizationjournal.org/doi/abs/10.17813/maiq.18.4.njnu779530x55082?journal Code=ma
iq). Therefore, it is possible and reasonable to view Virginia Woolf’s suicide as a silent cry, a
courageous protest, and a serious indictment of the crimes against humanity committed by the

powerful yet evil and destructive forces -- the German Nazis.

Conclusion: Virginia Woolf’s final novel Between the Acts can be read as a swan song, her final
creative performance as a novelist. With a virtually plotless plot and a narrative fragmented by
abrupt and discordant verbal expressions, this novel would continue to baffle first-time readers.
To better understand the text, it is imperative to examine the broad socio-historical context
within which the text was produced, and to analyze the author’s state of mind when she was
writing it. Relevant trauma theories can help readers penetrate the novel’s enigma or
incomprehensibility. Virginia Woolf’s traumatic experience of World War 11, specifically, of the
brutal bombings by German Nazis which partially destroyed her own homes in London, led her
to a mental breakdown. By engaging herself in writing, the novelist managed to survive as long
as she could. In that sense, Between the Acts becomes a transformative artwork through which
the artist was able to find a way to metaphorically re-register her high-intensity trauma, to reach
and push up her fragmented memories of the horrific events now metamorized in the images of
broken glasses, empty stage-scenes, and explosive noises — all of which in turn works to effect a
process of neuropsychological therapy that functions to sustain Virginia Woolf, at least for the
time being. As to her suicide, clearly it had little or nothing to do with cowardice. Her desire and
act to sacrifice herself so that her husband could finally be lifted off the heavy burden she knew
she had been, deserves respect. Along with her diaries, essays and novel Between the Acts,

Virginia Woolf’s final act of suicide, if viewed historically and politically, can be reasonably
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interpreted as a solemn indictment, a passive protest against the Nazis for their threat to the

entire humanity and civilization.
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Abstract: Many studies have demonstrated that low electrical resistance of acupuncture points
(acupoints)/meridians, the propagated sensation along channels (PSC), and tracers along a linear
pathway are the most commonly identified meridian phenomenon. Anatomical studies have found that
acupoints exist higher number of nerve fibers, blood vessels, and sweat glands. Nitric oxide (NO) level
is elevated in the acupoints/meridians in rats associated with an enhanced expression of NO synthase.
NO increases skin norepinephrine (NE) synthesis/release, which contribute to low electrical resistance
of acupoints/meridians. NO release is increased predominantly over acupoints by acupuncture or
electrical stimulation. These stimuli have been used to elicit axonal reflexes, which are characterized by
local release of NO and neuropeptides. Consistently, all experiments of the tracers along a linear
pathway have been conducted by injection of a radiotracer or tracer dyes in solution into an acupoit,
which produce much strong stimuli and axon reflex. The stimuli-evoked NOergic biomolecules and
neuropeptides mediated axon reflex participate in the processes of the PSC, and increase local blood
flow, which move radioactive substances or tracer dyes in the cutaneous tissue under linear pathways
resembling meridians. We concluded that the stimuli-induced NO signaling molecules and
neuropeptides mediated axon reflexes contribute to meridian phenomena including low electrical

resistance of acupoints/meridians, the PSC, and tracers along linear pathways resembling meridians.
KEYWORDS propagated sensation along the meridian, tracers, axon reflex, nitric oxide,

neuropeptides, biophysical approaches, acupuncture stimuli, acupuncture points, meridian

system
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One of the 125 major exploration and discovery questions is that “Is there a scientific basis to the
Meridian System in traditional Chinese medicine?” as the international frontier, global common needs
and gathering foresight released in 2021 by Shanghai Jiao Tong University and "Science" magazine
(Shanghai Jiao Tong University and Science, 2021). The Meridian System (channels and collaterals,
jingluo) according the description of Traditional Chinese medicine (TCM) is an essential pathway
system that unify all parts of the body and deal with physiological regulation and pathological changes
of the human body. Acupuncture points (acupoints) are located along the 14 main meridian pathways,
and acupoints/meridians have been used in many unconventional medical practices such as acupuncture,
electrical acupuncture (EA), transcutaneous electrical nerve stimulation (TENS), moxibustion (heating
acupoints), Qi Gong and meditation (Chan, 1984; Wang, 2010; Ma, 2021). It is described that the
meridian systems flow “meridian qi” evoking dynamic processes such as energy exchange, movement,
and connection from the surface of the body to the internal organs, as well as communication with the
universe, environment and our body as a whole. Various diseases are associated with blocked meridians,
and acupuncture stimulates acupoints on the body, releasing and easing the “meridian qi” for treating
disorders. There has been a widespread and increasing interest in scientific examinations exploring the
Meridian System and the use of acupuncture for treatment of disorders over the world. However, the
most logical and direct approach to identify a specialized anatomic entity of acupoints and meridians are
still lack (Shanghai Jiao Tong University and Science, 2021; Chan, 1984, Wang, 2010; Ma, 2021). The
chemicals, structure, functions and mechanisms of the meridians are unclear.

Over the last few decades there has been an increasing evidence from biophysical, physiological,
and biochemical approaches implicates some of specificity for the acupoints in the body around the
world. There are various studies from biophysical approaches dealing with specificity for the acupoints
and/or median lines in the body (Ma, 2021 and 2023, Wang, 2010; Zhu and Hao, 1989; Yang and Han,
2015). Although no well-defined anatomic entity is available, an abundance of information has now
accumulated several meridian phenomenon. It is generally accepted that the most commonly observed
and internationally identified meridian phenomenon are: 1) the characteristics of low electrical
resistance and high electric conductance of acupoints/meridians; 2) the propagated sensation along
channels; and 3) radioactive or fluorescent tracers along a linear path resembling acupoints and
meridians (Ma, 2021 and 2023, Wang, 2010; Zhu and Hao, 1989; Yang and Han, 2015). In this paper,

the evidence and understanding of the biophysical approaches of acupoints/meridians have been

_5'|_



summarized with an emphasis on recent development of stimuli-evoked nitric oxide (NO) release

through the axon reflex and neuropeptides mediating meridian (Jingluo) phenomenon.

NOergic signaling molecules and neuropeptides contribute to low electrical resistance properties
of acupoints

The acupoints have been studies by various biophysical, anatomic, and biochemical methods, and
viewed as points of distinct electrical characteristics. These experimental results provide preliminary
findings using biophysical approaches studying electrical resistance and shed some lights into the results
of NOergic signaling molecules and neuropeptides involved in skin electrical conductance, which have
been summarized in a recent review paper (Ma, 2021). Studies from several research groups have
confirmed that most acupoints in both humans and animals correspond to high electrical conductance
and low skin resistance points on the body surface along the meridians (Roll 1975; Fraden 1979; Zhu,
1988; Ahn et al., 2008; Ma, 2021). Prior studies have established that skin electrical resistance depends
upon the activity of the sympathetic nervous systems and that stimulation of sympathetic pathways
lowers the skin resistance levels (Kunimoto, 1995; Chen and Ma, 2005; Chen et al., 2006). Recent
evidence has demonstrated that L-arginine-derived NO in the skin contributes to electrical conductance
of acupoints through the increases in NE production (Chen and Ma, 2005; Chen et al., 2006). The
experimental results in rats have shown that L-arginine-derived NO synthesis and noradrenergic
transmission modify skin electric conductance, which contributes to low resistance characteristics of
acupoints and meridians (Chen and Ma, 2005). NE synthesis/release was consistently increased in three
meridians’ acupoints with high skin electric currents. Enhanced 3H-NE synthesis/release in acupoints
were facilitated by presence of an exogenous NO donor and inhibited by an inhibitor of NO synthesis
(Chen et al., 2006). These results suggesting that peripheral NE synthesis/release from the sympathetic
nervous system in acupoints is mediated by NO, and that the NO-NE system plays an important role in
the low resistance characteristics of acupoints.

In spite of experiments documenting a biophysical basis of skin electrical conductance and the
increasing studies of skin low resistance acupoints, systematic research with an improved equipment and
carefully research design to avoid the influencing factors (skin dryness, skin thickness, size of the
sensing electrode, pressure applied on the electrode, interelectrode distance, room temperature, and
humidity) are requested to be conducted for a definite answer in this field (Pearson et al., 2007; Ahn et

al., 2008; Ma, 2021). Other substances, including substance P (SP) and calcitonin gene-related peptide
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(CGRP), induce vasodilation and plasma extravasation to increase skin hydration, resulting in the
development of high conductance at acupoints, and the high conductance at acupoints, especially
vascular leakage following local release of SP and CGRP during neurogenic inflammation (Kim et al.,
2017; Fan et al., 2018). Double immunostaining of transient receptor potential vanilloid type-1 (TRPV1)
receptor and neuronal nitric oxide synthase (nNOS) revealed co-localization of TRPV1 and nNOS in
both subepidermal nerve fibers and in dermal connective tissue cells (Ibrahim et al., 2011). A high
expression of TRPV1 endowed with nNOS in subepidermal nerve fibers exist in the acupoints and the
expression is increased by EA (Ji et al., 2013). These results are consistent with the studies showed that
acupuncture significantly increased components of the TRPV1-related signaling pathway in mice (Chen
et al., 2018), and modified acupuncture-induced reflex excitatory cardiovascular responses in humans
(Guo et al., 2018). The experimental evidences suggest that the higher expression of TRPV1 in the
subepidermal nerve fibers and its upregulation after EA stimulation may play a key role in mediating the
transduction of EA signals to the CNS, and its expression in the subepidermal connective tissue cells
may play a role in conducting the local effect of the EA. Although several independent groups have
reported various biomolecules, NO, NE, TRPV1, CGRP and SP, which can be classified as NOergic
signaling molecules (NO-NE/TRPV1) and neuropeptides (CGRP and SP) involved in the skin low
resistance at acupoints, the signal transduction pathways and mechanisms of multiple molecules in the
skin electrical conductance and low resistance at acupoints are still unclear. Systematic research with an
improved equipment and carefully research design to avoid the influencing factors are requested for a
definite answer in this field. However, the results from anatomical and biochemical studies consistently
show that acupoints exist higher levels of nervous components, and NOergic signaling molecules (NO-

NE/TRPV1) and neuropeptides involved in the skin low resistance at acupoints.

Roles of NQOergic molecules and neuropeptides mediated axon reflex in propagated sensation
along the meridian

The stimuli-evoked NOergic molecules mediated axon reflex and their roles in propagated sensation
along the channels/meridian (PSC) have been reviewed in a recent paper (Ma, 2023). Over the last few
decades, PSC and the latent PSC (LPSC) over the body surface have been internationally identified in
many human subjects, which are consistent with the courses of the classical meridians (Zhu and Hao,
1989; Xu, 2013; Ma, 2023). It appears that PSC is one of the most commonly observed and

internationally identified meridian phenomenon over the body surface. The phenomenon occurs most
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frequently following various stimulation to an acupoint using acupuncture (Xu, 2013, Zhu and Hao,
1989; Razavy et al., 2017; Chen, 2006), EA or TENS (Xu, 2013; Zhu and Hao, 1989; Razavy et al;,
2017; Chen, 2006), acupressure with qigong or meditation (Xu, 2013; Zhu and Hao, 1989), and
moxibustion including heat and laser (Xu, 2013; Zhu and Hao, 1989). It is reported that low electrical
resistance, PSC, and LPSC are present not only in the acupoints, but also over the entire lines (about 1.0
mm in width) of the meridians, which are described in traditional charts (Ma, 2023; Zhu and Hao, 1989;
Xu, 2013). Although there has been increasing evidence reporting that PSC and LPSC along a linear
path exist in the acupoints and/or medians in human studies, the most logical and direct approaches to
identify biochemical and morphological evidences related to specialized anatomic entities of acupoints
and meridians are still unavailable, especially limited by technology used or studied on humans.
Previous anatomical studies have demonstrated that acupoints/meridians exist higher number of
nerve fibers/trunks, blood vessels, hair follicles, and sweat glands (Wang et al., 2010; Zhu and Hao,
1989; Monteiro-Riviere et al., 1986). Animal studies showed that NO level and NO synthase expression
are consistently increased in the subcutaneous tissue of acupoints and meridian regions compared to
non-meridian areas (Ma, 2003). NO level is elevated by EA in the acupoints/meridians in rats associated
with an enhanced expression of NO synthase endowed with TRPV1 (Ibrahim et al., 2011; Ji et al,,
2013). Dermal microdialysis in humans reported that NO-cGMP releases are increased by EA in the
subcutaneous tissue of acupoints (Lim and Ma, 2009). Consistently, several human studies demonstrated
that TENS, MA, and electrical heat produce an elevation of NO release predominantly over acupoints
(Ma et al., 2015; 2017; Kimura et al., 2013). The axon reflex can be evoked by a wide range of
physiologic stimuli such as heat, cold, mechanical and electrical stimuli (Steinhoff et al., 2003; Hassan
et al., 1986). The response to local skin stimulus is characterized by its biphasic nature - the first peak is
due to C-fiber nociceptor-mediated axon reflex (Schmelz et al., 2000; Magerl and Treede, 1996), which
results in vasodilatation through the local release of CGRP (Schmelz et al., 2000; Wallengren et al.,
1987) and neuropeptide Y (NPY) (Hodges et al., 2008; Kellogg et al., 1999). The second increase in
skin blood flow, characterized by the plateau, has been demonstrated to be largely dependent (about
70%) on NO (Magerl and Treede, 1996), which are characterized by local release of NO and calcitonin
gene related peptide mediated by activation of TRPV1 (Ma et al., 2015; 2017; Kimura et al., 2013).
Interestedly, the same stimuli, both heat, mechanical and electrical stimuli-evoked axon reflexes, and
electrical heat, TENS, and EA-evoked PSC/LPSC, induce NO signaling molecules which involve in the
biochemical-physiological processes of axon reflexes and PSC/LPSC, leading to the suggestion that the
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similar driver induced NO-mediated axon reflexes participate in the somatosensory signal transduction
of PSC/LPSC, the important phenomena of meridians induced by the stimuli. Although more
sophisticated approaches are requested to address biochemical-physiological interactions in the
processes in this field, the results from animal and human studies consistently suggest that stimuli-
evoked NO signaling molecules and neuropeptides (CGRP, NPY, SP) mediated axon reflexes contribute
to the development and processes of PSC/LPSC, which are evoked by mechanical, electrical, or thermal

stimulli.

Studies of tracers along a linear path resembling acupoints and meridians

Some investigators have attempted to explain meridians on the basis of established scientific
principles, by postulating biological systems other than those of conventional anatomy and physiology.
However, there is little or no scientific evidence currently to support either describing
meridians/acupoints as distinct anatomical entities or the existence of alternative biological systems to
explain the systems (Ma, 2021 and 2023, Wang, 2010; Zhu and Hao, 1989). Several groups of the
investigators have identified the slow-migrating pathways of radioactive tracers along a linear path
resembling acupoints and meridians (Kovacs et al., 1992; 1993; 1996; 2000; Wu et al., 1990; 1994;
Chen et al, 1994). Early studies (Tiberiu et al., 1981) reported that meridians can be made visible by the
shape of radioactive tracer pathway following injection of a radiotracer solution into an acupoit.
Migrating pathways of radioactive tracers following injections of isotope (9mTc 300-500 Xci, about 30-
70 X1 solution) into acupoints are in straight correspondence with classical course of meridians but are
quite different of lymphathic vessels in patients and healthy subjects (Meng et al., 1987). The
appearance of radioactive paths have been also confirmed after the injection of a radiotracer
(Technetium 99m in a volume of 0.05 ml) at acupoints in healthy humans by Lazorthes et al. (1990). A
linear radioactive pathway which traveled at approximately 2.5 cm/minute over 11 cm distance
hypodermically was induced by (99mTc in a volume of 0.125 ml) sodium pertechnetate injections but
not produced by other three nuclear tracers, 2! Tl-thallous chloride in a volume of 0.3 ml, (*3'I) iodine-
sodium in a volume of 0.05 ml, and (**™Tc¢ in a volume of 0.125 ml) rhenium sulfide injected into both
low-electrical resistance acupoints and adjacent controls on the legs of adult dogs (Kovacs et al., 1992).
Direct injections of the dyes into blood vessels led to a much more instantaneous appearance and
subsequent disappearance of the trajectory in 10 seconds. However, (**™Tc) rhenium sulfate, which has a

predilection for lymphatics, was detected at axillary lymph nodes after 90 minutes in both acupoints and
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controls, did not have any linear pathway. For the reasons, the authors concluded that veins or lymphatic
vessels could not have been responsible for these trajectories (Kovacs et al., 1992; 1993; 1996). Linear
and rapid migration of **"Tc-pertechnetate was not altered or prevented by incisions that did not
intersect the migration pathway, but was not observed when the incision was left uncovered, filled with
petroleum jelly, or with a solid silicone sheet (Kovacs et al., 2000). Therefore, these investigators
concluded that capillary electrophoresis is suggested to explain the hypodermic diffusion of inert
particles through specific and constant linear pathways (Kovacs et al., 1992; 1993; 1996; Kovacs et al.,
2000).

In addition, previous studies showed that fluorescein injected into acupoints produced similar
visualization of interstitial channels along meridians in rats and mini-pigs (Zhang et al., 2008; 2015;
Xiong et al., 2020; Li et al., 2021). Several studies reported that injection of tracer dyes at acupoints led
to linear migration of the dye along a path aligning with the meridians (Li et al., 2012; Zhang et al.,
2008;2015; Li et al., 2021). Low hydraulic resistance channels were found very close to low impedance
points along meridians, which were imaged through injection of Alcian blue and isotopic tracing (Zhang
et al., 2008; 2015). Animal studies reported that visualization of interstitial channels along meridians
with average length of the migration tracks was 5.13 cm following injections of 0.2, 0.4, 0.6, 0.8, and
I mL of sodium fluorescein into acupoints in mini pigs (Xiong et al., 2020). Similar results were also
observed in rats (Gu et al., 2020). Other experiments have identified “perivascular-like-spaces” along
the meridians histologically (Ma et al., 2008), which are not directly attributable to lymphatics or blood
vessels (Kovacs et al., 1992; 1993; 1996; Ma et al., 2003). Following injecting a small amount of
paramagnetic contrast or gadopentetate acid dimeglumine into acupoints, subcutaneous pathways have
been visualized in humans, which have a characteristic “puncture-resistant” appearance, indicating a
non-tubular structure, not consistent with lymphatic or blood vessels (Li et al., 2008). Fluorescein
sodium is found in the pathways of hind limbs and segments of the small intestines after injecting 0.2~1
mL of fluorescein sodium in acupoint (KI3) of healthy rabbits (Li et al., 2012). Consistently, recent
research reported that injection of 0.1 mL of fluorescent dyes into the acupoint PC6 of pericardium
meridian, 15 (79%) of fluorescein sodium injection (but not indocyanine green) were associated with
slow diffusion of the dye proximally along a path matching closely with the Pericardium meridian in
humans (Li et al., 2021). The observed migratory speed, path trajectory, and selective association with
Technetium-99 (99mTcO4, but not other nuclear dyes) led authors to speculate that paths were

attributed to a yet undescribed channel with low hydraulic resistance through the extracellular matrix
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(Zhang et al., 2008; 2015; Xiong et al., 2020; Gu et al., 2020), and not to vein or lymphatics (Kovacs et
al., 1992; 1993; 1996).

Stimuli-evoked NOergic molecules and neuropeptides mediated axon reflex contribute to tracers
along a linear path resembling acupoints and meridians

In order to examine the radioactive or fluorescent tracer pathway along a linear path resembling
acupoints and meridians, all experiments have been conducted by injection of a radiotracer solution or
tracer dyes in a volume of either 0.05, 0.1, 0.2, 0.4, 0.6, 0.8 or 1 mL into an acupoit (Kovacs et al., 1992;
1993; 1996; Xiong et al., 2020; Li et al., 2021). Needle injection is a mechanical stimulus and the
injected solution is an additional extension stimulus, both of them produce stimuli-evoked axonal
reflexes (Izumi et al.; 1991; Sharara et al., 1995). Acupoint injection of solution or drugs has a better
effect than traditional acupuncture achieving the purpose of treatment by much stronger stimulating the
acupoints (Huang et al., 2019; Sha et al., 2016; Park et al., 2017). Intra-dermal injection of hypertonic
saline produces an axon reflex flare response involved neural and vascular mechanisms, and the axon
reflex vasodilatation measured by a blood flow value which is inhibited by lignocaine comparably to its
effects on histamine and substance P (Izumi et al.; 1991; Sharara et al., 1995). Axonal reflexes have
been defined as a response elicited by mechanical, electrical, thermal, or pharmacological stimuli
(Steinhoff et al., 2003; Hassan et al., 1986), and are characterized by local release of NO (Magerl and
Treede, 1996) and neuropeptides (CGRP mediated by activation of TRPV1 and NPY) (Schmelz et al.,
2000; Wallengren et al., 1987; Hodges et al., 2008; Kellogg et al., 1999). Moreover, our results show
that local NO release is consistently induced by MA, EA, TENS, and electrical heat (Ma et al.,
2015;2017; Kimura et al., 2013). These stimuli, MA, EA, TENS, and electrical heat, have been
demonstrated to evoke axon reflexes in various studies (Steinhoff et al., 2003; Hassan et al., 1986).
Peripheral axon reflexes play an essential role in the regulation of skin blood flow, and activation of
axon reflexes cause vasodilatation and increase local blood flow (Schmelz et al., 2000; Magerl and
Treede, 1996; Hodges et al., 2008; Kellogg et al., 1999). It appears that injection of a radiotracer
solution or tracer dyes in a volume of solution cause much stronger stimuli than acupuncture stimulation
at local acupoints, which produced stimuli-evoked axon reflexes and elevations of NO and
neuropeptides levels. The stimuli-evoked axon reflexes and NO signaling molecules/neuropeptides

allows for a flare of blood flow, leading to moving radioactive substances or tracer dyes in the skin and
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subcutaneous tissue under axon reflex pathways. Therefore, the radioactive or fluorescent tracer
pathway along a linear path represent a flare of blood flow following stimuli-evoked axon reflexes.
Regarding the radioactive or fluorescent tracer pathway along a linear path resembling acupoints
and meridians, it has been concluded “As for the meridians themselves, in 1987, scientists who analyzed
the movement of radioisotopes in the body concluded that meridians are actually spaces within the body,
not structures. More recently, a 2020 publication in the journal research reached the same conclusion
(Shanghai Jiao Tong University and Science, 2021).” The mechanisms of the linear and rapid migration
of 99mTc-pertechnetate have been examined by various methods including skin incisions, filled with
petroleum jelly, or with a solid silicone sheet (Kovacs et al., 2000), the authors concluded that veins or
lymphatic vessels could not have been responsible for linear and rapid migration of 99mTc-
pertechnetate (Kovacs et al., 1992; 1993; 1996). The conclusion is consistent with recent fluorescent
dye tracer, which showed that both ultrasound imaging and vein locating device did not reveal any
corresponding vessels (arterial or venous) or lymphatics at the visualized tracer pathway but
demonstrated correlations with intermuscular fascia (Li et al., 2021). Kovacs et al. (2000) indicated that
capillary electrophoresis is suggested to explain the hypodermic diffusion of inert particles through
specific and constant linear pathways. Our analyses agree with this suggestion and further point out that
the stimuli-evoked axon reflex and NO signaling molecules/ neuropeptides produce a flare of blood
flow, leading to moving radioactive substances or tracer dyes in the skin and subcutaneous tissue under
a linear path resembling acupoints and meridians. NO level and NO synthase expression are consistently
increased in the subcutaneous tissue of acupoints and meridian regions compared to non-meridian areas
in rats (Ma, 2003) associated with an enhanced expression of NO synthase endowed with TRPV1
(Ibrahim et al., 2011; Ji et al., 2013). Several studies have demonstrated that MA, EA, TENS, and
electrical heat-induced elevations of NO release over skin regions with a high level at acupoints (Ma et
al., 2015; 2017; Kimura et al., 2013). Axon reflexes-mediated NO and CGRP releases are also induced
by the same stimuli (Magerl and Treede, 1996; Schmelz et al., 2000; Wallengren et al., 1987) and
acupoint injection of solution (Izumi et al.; 1991; Sharara et al., 1995). Cutaneous small nerve fibers
encompass unmyelinated C-fibers and thinly myelinated Ad-fibers, which innervate dermal vessels
(vasomotor fibers), sweat glands (sudomotor fibers), and hair follicles (pilomotor fibers) participate
axon reflex (Hijazi et al., 2020; (Steinhoff et al., 2003; Hassan et al., 1986)). Anatomical studies have
demonstrated that acupoints/meridians exist higher number of nerve fibers/trunks, blood vessels, hair

follicles, and sweat glands (Wang et al., 2010; Zhu and Hao, 1989; Monteiro-Riviere et al., 1986). It
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appears that the higher number of small nerve fibers and blood vessels with rich NO synthase and
neuropeptides, and sweat glands contribute to higher NO related molecules/neuropeptides and axon
reflex-evoked blood flow, leading to moving radioactive substances or tracer dyes in the skin and
subcutaneous tissue under a linear path resembling acupoints and meridians. Therefore, these analyses
support the conclusion “The movement of radioisotopes in the body concluded that meridians are
actually spaces within the body, but do not agree “not structures” (Shanghai Jiao Tong University and
Science, 2021)”. This review suggests that the higher number of small nerve fibers and blood vessels
with rich NO synthase, NE, TRPV1, and neuropeptides, and sweat glands in the acupoints/meridians
serve as structures, which contribute to biophysical characteristics of low electrical resistance and PSC

as well as tracers along a linear pathways resembling meridians.

Conclusion

Over the last few decades, there are various studies from biophysical approaches dealing the
phenomena of meridians. An abundance of studies from different international groups have
demonstrated that acupoints possess characteristics of low electrical resistance and high electric
conductance, the propagated sensation along channels (PSC), and tracers along a linear pathways
resembling meridians are the most commonly observed and identified meridian phenomenon. In many
texts, although the meridian phenomenon to be genuine evidences for the functional existence of
acupoints/meridians, there is a lack of objective and systematic experimental studies to support
biochemical and morphological basis of the meridians. Skin electrical resistance depends upon the
activity of the sympathetic nervous systems. Recent evidence shows that NO concentrations are
enhanced in skin acupoints/meridians, and L-arginine-derived NO synthesis and noradrenergic
transmission modify skin electric conductance, which contributes to low resistance characteristics of
acupoints and meridians (Chen and Ma, 2005). 3H-NE synthesis/release was enhanced in acupoints and
facilitated by presence of an exogenous NO donor and inhibited by an inhibitor of NO synthesis (Chen
et al., 2006). NOergic signaling molecules (NO-NE/TRPV1) and neuropeptides play important roles in
mediating the skin conductance responses to electrical stimulation and contribute to low electrical
resistance and high electric conductance of acupoints/meridians.

The PSC and the latent PSC (LPSC) over the body surface, which are consistent with the courses of
the classical meridians, have been internationally elicited by TENS, EA or electrical heat stimulation of

acupoints in many human subjects (Ma, 2023, Zhu and Hao, 1989; Xu, 2013). A systematic review
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found that 63,228 subjects produced an incidence of 12-24% PSC during pulse electrical stimulation of
the acupoints. Animal studies showed that NO level is elevated by EA in the acupoints/meridians in rats
associated with an enhanced expression of NO synthase endowed with TRPV1. Dermal microdialysis in
humans reported that NO-cGMP releases are increased by EA in the subcutaneous tissue of acupoints.
Several studies demonstrated that TENS, MA, and electrical heat produce an elevation of NO release
predominantly over acupoints. Consistently, these stimuli, TENS, electrical heat, and EA have been
used to elicit axonal reflexes, which are characterized by local release of NO and calcitonin gene related
peptide mediated by activation of TRPV1. NO signaling molecules and neuropeptides (CGRP, SP, and
NPY) involve in the stimuli-evoked axon reflexes, and the same driver elicited biomolecules-mediated
axon reflex may also participate in the somatosensory signal transduction and processes of PSC/LPSC.

Moreover, all experiments of the tracers along a linear pathways resembling meridians have been
conducted by injection of a radiotracer solution or tracer dyes in a volume of solution into an acupoit.
Acupoint solution injections produce much stronger mechanical stimuli, which cause axon reflex.
Although more sophisticated approaches are requested to address biochemical-physiological interactions
in the processes in this fields, the results from animal and human studies consistently suggest that the
stimuli-evoked axon reflex and NOergic biomolecules increase local blood flow, which move
radioactive substances or tracer dyes in the skin and subcutaneous tissue under a linear path resembling
acupoints and meridians, the important phenomena of meridians induced by the stimuli.

Together, the stimuli-induced NO signaling molecules and axon reflexes participate in the
biochemical-physiological processes of all meridian phenomenon, low electrical resistance of
acupoints/meridians, the PSC/LPSC, and tracers along a linear pathways resembling meridians, leading
to the suggestion that NO signaling molecules are important meridian biomolecules and contributes to
structure, functions, and pathways of the meridian system. Anatomical studies have demonstrated that
acupoints/meridians exist higher number of nerve fibers/trunks, blood vessels, hair follicles, and sweat
glands. The higher number of small nerve fibers, blood vessels with rich endothelia NO synthase,
TRPV1 and neuropeptides, and sweat glands in the cutaneous tissues serve as structures for NO
signaling molecules and neuropeptides mediated axon reflexes resulting in low electrical resistance, PSC,
and tracers along a linear pathways resembling meridians. The increased interest in the meridian
phenomenon has led to an open-minded attitude towards understanding this system, which is
fundamental important to establish the valid aspects of scientific basis of Chinese medicine mechanisms

and therapies.
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Abstract

We recently carried out numerical investigations of trapping efficiency for a depth-dependent
layered low-velocity waveguide (LVWG) in aid to further study the internal damage structure of
actual fault zones at seismogenic depth. The fault-zone trapped waves (FZTWs) produced by this
layered LVWG show multiple amplitude peaks in the long-duration post-S coda, consistent with
the FZTWs recorded in our previous experiments conducted at rupture zones of the 1992 M7.4
Landers and the 1999 M7.1 Hector Mine (HM) earthquakes in Southern California. Although the
early portion of FZTWs with larger amplitude peaks is most likely produced within the upper
layers of the LVWG having the slower velocities, the late-arriving FZTWs with smaller amplitudes
could come from the deeper portion of the LVWG having lower velocity reductions. These
numerical tests would be helpful in interpretation of observed FZTWs to depict the depth extension
of fault damage zones, which is a crucial issue in earthquake physics and strong ground motion
prediction. As three decades retrospective of the 1992 Landers earthquake, we review our previous
investigations on the co-mainshock damage and post-seismic heal progressions associated with the
Landers and HM rupture zones using FZTWs recorded in the field to show the depth-dependent
structure of fault damage zones. Then, we exhibit 3-D finite-difference synthetic FZTWs from a
layered LVWG model for comparison with observations. The more detailed insight of earthquake-
born fault zones at seismogenic depth would help achieve the better evaluation of the source effect,
dynamic rupture, earthquake clustering/triggering as well as predicting the behavior and hazard of
future earthquakes to reduce the loss in the seismic disaster.

1. Introduction

Structurally, crustal faults are often marked by zones of lowered velocity with width of a few
hundred meters to a few km (Mooney and Ginzburg, 1986; Michelini and McEvilly, 1991;
Cochran et al., 2009; Li et al., 1997a, b; 1998b; 2000; 2001; 2012a, b). These low-velocity zones
are thought to be caused by intense fracturing during earthquakes, brecciation, liquid-saturation
and possibly high pore-fluid pressure nears the fault (Nur, 1972; Sibson, 1977). The strength of
the low-velocity anomalies might vary over the earthquake cycle (Vidale et al., 1994; Marone,
1998; Li et al., 1998a; 2006; 2007). As a result of the seismic velocity reduction, the fault zone
forms a natural LVWG to trap and focus seismic energy as normal modes when a source located
in or close to the fault zone. The FZTWs were first time discovered at active faults near Oroville
and Parkfield, California and numerically synthesized in 1980s (Li et al., 1990; Li and Leary,
1990). Because FZTWs arise from coherent interference of multiple reflections at the boundaries
between the low-velocity fault zone and the high-velocity surrounding rock, their amplitudes,
frequencies, and dispersive waveforms strongly depend on the fault geometry and physical
properties (Li and Vidale, 1996; Li, 2021). These waves enable us to insight the internal structure
of fault zones at seismogenic depths with a higher resolution than before.

We have used FZTWs generated by explosions and aftershocks, and recorded at dense linear
seismic arrays deployed across and along the rupture zones to investigate the subsurface geometry
and physical properties of fault zones ruptured in the 1992 M7.4 Landers and 1999 Hector Mine
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(HM) M7.1 earthquakes. We depict the depth-dependent LVWG with a width of a few hundred
meters on the rupture zones that extend from the ground surface to 7-8 km depth, within which
seismic velocities are reduced by 25-50% from wall-rock velocities. This LVWG is interpreted as
being a remnant of cohesive damage zone acting as a spatial smoothing operator on fault slip where
inelastic deformation occurs around the propagating crack tip during dynamic rupture in
earthquake. The data recorded in our repeated seismic experiments at the Landers and HM rupture
zones revealed the post-seismic fault heal progress accompanied with the seismic wave velocity
increase by a few per centages within the rupture zones in several years after the mainshocks. The
healing rates are depth dependent and with the greater rate in the earlier stage. The healing process
on the Landers rupture zone was interrupted by the 1999 M7.1 HM earthquake which added
damage as a temporal reversal of the healing on Landers faults by strong shaking and permanent
strain. Our investigation at Landers and HM rupture zones is important for several reasons. First,
FZTWs may offer information to find if the pattern of fault traces observed on the ground surface
persists to seismogenic depth. The 3-D geometry and material properties of the fault damage zone
will influence rupture propagation and may offer a basis for such elusive source parameters as the
"asperities", "barriers" and upper bound frequency “fmax” of seismic waves that can be radiated
from a fault zone proposed by seismologists for the strong ground motion prediction. Second, since
the characteristics of FZTWs are determined directly by the mechanical properties of the fault
zone, they may offer the most effective tool for monitoring the temporal change in fault zone
properties for the purpose of earthquake prediction.

The depth extension of damage zone on an active fault zone is still a crucial and challenging
issue in the view point of fracture mechanics and the field seismic profiling. Based on lithology,
the actual fault zones are usually embedded in the layered crust composed by different rocks at
different ages so that the fault zones are layered too. Our recent numerical tests for the FZTWs
produced by a depth-dependent multi-layered LVWG show multiple amplitude peaks in the post-
S long-duration coda, consistent with the observed FZTWs at Landers and HM rupture zones,
suggesting the layered damage zone structure on realistic faults.

2. Co-Mainshock Damage Zones in the Landers and Hector Mine Earthquakes
2.1. Landers Rupture Zones Viewed by FZTWs

The M7.4 Landers earthquake on June 26, 1992 produced surface breaks of total ~70 km in the
length with the maximum right-lateral slip of 7-m in Mojave Desert, Southern California (Fig.1a).
Immediately after the mainshock, a mobile seismic array of 9 seismometers was used at 11 sites
along the rupture zone from the Johnson Valley fault (JVF) to Camp Rock fault (CRF) to acquire
FZTWs generated by aftershocks (Li et al., 1994a, b). It was the first time to deploy a linear seismic
array across the surface rupture of a major earthquake to record FZTWs generated by aftershocks.

@l e " (b) Fig. 1 Maps show locations of seismic
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FZTWs at 2-7 Hz with large amplitudes and long-duration wavetrains following the S-arrivals
were recorded as both stations and sources located within the rupture zones. Later, denser seismic
arrays of more than thirty seismometers (Lines 1 to 3 in Fig.1a) were installed across and along
the JVF to record FZTWs that had been used to characterize the internal damage structure and
segmentation of the Landers rupture zone (Li et al., 1994a, b; 1999, 2000). In our repeated
experiments at Landers, the data recorded by cross-fault arrays for explosions detonated within the
rupture zones were used to monitor the post-seismic fault healing with time (Li et al. 1998a; Li
and Vidale, 2001; Vidale and Li, 2003).

Fig.2a exhibits fault-parallel component seismograms recorded at cross-fault array Line 1 for 3
aftershocks (events A, B, and C in Fig.1b). FZTWs with large amplitudes and long-duration
wavetrains following S-arrivals at stations between W2 and E6 located close to the main fault trace
for events A and C occurring on the JVF, but much shorter post-S wavetrains for event B occurring
at 4-km depth and ~5 km away from the fault. Stations located out of the rupture zone registered
only the brief S-wave for three events. The duration time of FZTWs recorded for aftershocks A
and C increases with increasing travel distance within the rupture zone. Empirically, the ratio of
the FZTW duration time to the time difference between the P and S arrivals (tc-ts)/(ts-tp) (called
PSSP ratio) is higher than ~1.2 for the FZTWs well generated and recorded (Li et al., 2014, 2016,
2019). Here, tp and ts refer to the P- and S-arrival times, and tc-ts refers to the post-S-duration
time, in which the amplitudes of FZTWs are greater than twice the background noise level. PSSP
ratios are 1.4-1.6 for on-fault aftershocks A and C, but 1.0 for the off-fault aftershock C. These
observations depict a 200-250-m wide LVWG on the JVF, consistent with the width of the shear
zone spanning all surface breaks on both sides of the JVF trace mapped by Johnson et al. (1997).
The rupture zone is not symmetry with the main fault trace closer to the west edge of the zone.
The FZTWs from aftershock C at 10-km depth show the longer post-S duration than those from
aftershock A at 6.7-km depth, suggesting that the LVWG on the JVF like extends to the depth of
at least ~6.7 km. Multiple amplitude peaks of FZTWs appear in post-S long durations. We interpret
that the early portion of FZTWs with the largest amplitude peak are produced within the top layer
of fault damage zone having the lowest velocities, and the later portion of FZTWs with smaller
amplitude peaks might come from the deeper layers of fault damage zone having the smaller
velocity reduction.
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Fig.2b illustrates vertical-component seismograms recorded at 8-km-long Line 2 consisting of
16 stations along the JVF for an explosion SP3 detonated within the rupture zone. The duration of
post-S FZTWs increases with distance between the shot and station, as expected for FZTWs
traveling within a continuous LVWG along the JVF. FZTWs at lower frequencies travel faster
than at higher frequencies, showing dispersion feature. Fig. 2c shows group velocities of FZTWs
measured from multiple band-pass filtered seismograms from SP3, agreeable with synthetic
dispersion curves using a depth-dependent fault zone model in Fig.3b. The PSSP ratio is 2.1 for
the explosion-generating FZTWs, suggesting the strong trapping efficiency of the shallow portion
of LVWG which is formed by severely damaged fault rocks. The coda-normalized spectra of
FZTWs show a decrease in amplitude with distance along the rupture zone (Fig.1d), from which
the Q value was measured to be ~20 at 2 Hz within the shallow Landers rupture zone.

Fig.3a exhibits group velocities derived from multiple band-pass filtered seismograms for 3
explosions and 7 aftershocks located at different depths within the Landers rupture zone, showing
the depth-dependent velocity structure within the fault damage zone (Li et al., 1999, 2000). A
depth-dependent fault zone structure is expected because the increasing pressure with depth will
strongly affect the crack density, fluid pressure, amount of fluids, development of fault gouge and
healing rate of the damage zone (Sibson, 1977; Byerlee, 1990; Scholz, 1990; Marone, 1998). For
all these reasons, a realistic fault zone structure is not uniform, but varies with depth and usually
layered with variations of the rock formation and fracture magnitude in stratigraphic crust.
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Based on the measured group velocities, Q values and the width of the LVWG on the JVF
revealed by FZTWs, we constructed a depth-dependent multi-layered model for the Landers
rupture zone on the JVF (Fig.3b). Model parameters are obtained from simulation of explosion-
generating FZTW:s for the top 1-2 km of fault damage zone first, and then from aftershocks for its

_ :7() _



deeper structure. In this model, the JVF rupture zone is characterized by a low velocity and low Q
waveguide, 250-m wide at the surface and tapers to 50 m at ~8 km depth. This model was used to
simulate FZTWs generated by explosions and aftershocks within the rupture zone at different
depths and epicentral distances from cross-fault Line 1. Fig.3c shows synthetic seismograms
recorded at Line 1 for 6 aftershocks (events 5 to 10 in Fig.1b), using a 3-D finite-difference code
(Vidale, 1989; Graves, 1996). A double-couple source is located within the LVWG. Although
there is a trade-off among model parameters, the error in them can be constrained when
independent measurements of group velocities of dispersive FZTWs and Q values from amplitude
attenuation with distance.

2.2. Hector Mine Rupture Zones Viewed with FZTWs

The HM earthquake occurred on October 16, 1999, only 25 km northeast of the epicenter of the
1992 M7.3 Landers earthquake (Fig.1). The rupture zone at the surface is ~75 m wide exposed at
the ground surface. The faulting with the maximum right-lateral strike slip of 5 m on the Lavic
Lake fault (LLF) in the Bullion Mountains. The complex faulting pattern with bifurcation appeared
in the northern and southern portions of the rupture zone. Immediately after the HM mainshock,
we deployed several dense seismic arrays across rupture zones (Fig.1a, c) and recorded prominent
FZTWs at 4-7 Hz for aftershocks within the rupture zone (L1, 2000, Li et al., 2002, 2003a).

(a) Cross-Fault Profiles at Array 1 For Aftershocks Fig. 4 (a) Seismograms recorded at Array 1 for

West Exposed Rupture Between Two Faults East Buried Rupture

8Vt16  papallel Depth Rgnoe @V praje]  Depth Range evtd  papallel  Pofh Ranoe
150

m iy

k|

[
— T B =
=4 @ f ] %
s & g
e s o €
e :
— @ o 8
50
Eaa e — =
— ————— 200
o P ‘g o 3 2 -t 6 8 5 3
o Time (s)
in North LLF De;nh Range OnBurried Fault Depth Range
(b) evt19 Parallel 54 70km evtl Parallel _ 69 80km

E == e

==
~~ AP -
evt2 B s;%iii o2 10km eis PSP Was 1okm

| Rple Zoe |
%
;%ﬁ

18

e

=
2]
et21 P S §| :i(7 15km  evt17 P 5 F!Wi& 16 km
S z
Time (s) Time (s)

| Rphre e |

e

ZTW

aftershocks 16, 4, and 9 (locations shown in Fig.
1c) occurring on the north LLF exposed at the
surface, the more northly-trending buried fault,
and between them. FZTWs (in red boxes) with
multiple amplitude peaks in long posdt-S
wavetrains at stations within rupture zones for
events 4 and 16, but short wavetrain for event 9.
PSSP ratios (R) are ~1.7 for on-fault events, but
~0.7 for the off-fault event, indicating that
LVWGs exist along the exposed rupture zone
on the north LLF and the buried rupture zone.
(b) Seismograms recorded at Array 1 for six
aftershocks (events 1, 2, 5, 17, 19, and 21)
occurring on the north LLF and the buried fault.
Post-S durations of FZTWs (in red boxes)
increase with hypocentral distance, showing the
continuous LVWGs along the north LLF and
the buried fault at depth. Red lines aligning
multiple amplitude peaks of FZTWs denote the
traveltime move-out with distance.

For example, Fig.4a exhibits fault-parallel component seismograms recorded at Array 1 for 3

aftershocks located at ~15 km north of the array. The FZTWs show multiple amplitude peaks and
the PSSA ratios for the HM rupture zones are similar as those at Landers rupture zones, suggesting
the fault rock damage magnitudes at Lander and HM are likely the same. Fig.4b shows FZTWs
recorded at Array 1 for 6 aftershocks occurring along the bifurcated rupture zones along the north
LLF and the buried fault at different hypocentral distances. Post-S durations of FZTWs increase
with the distance between the events and Arrayl along the north LLF and the buried fault are
nearly same, suggesting the similar LVWG existing on the two northern rupture branches at depths
(Li et al., 2002, 2003a). This is in accord with the complex pattern of aftershock distribution
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(Hauksson et al., 2002), and the rupture model of inversion of ground motion, telemetry, geodetic
data and surface breaks (Ji et al., 2002), as well as the model of dynamic rupture using a finite-
element code (Oglesby et al., 2003). The slip on the northern buried rupture segment can jump to
the LLF segment. The moment release on both of rupture branches is approximately equal.

We used a 3-D finite-difference code to simulate FZTWs recorded at the HM rupture zone
(Fig.5). The good fit of synthetics to observations shows the depth-dependent multi-layered
velocity structural model applicable for the HM rupture zone. The LVWG on the HM rupture zone
is interpreted as being a remanent of process (damage) zone during dynamic rupture in the 1999
M7.1 earthquake. The reductions of velocities and Q within the fault damage zone are similar to
those at the Landers, suggesting that fault rocks have been damaged to the same magnitude in two
earthquakes. The LVWG width (~100 m) on the HM rupture is about a half of that (~200 m) on
the Landers rupture, consisting with the scale of process zone size to rupture length as predicted
in published dynamic rupture models (e.g., Scholz, 1990).
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3. Post-Seismic Fault Heal after Landers and Hector Mine Earthquakes
3.1. Fault Healing on Landers Rupture Zones

Studies of repeated earthquakes along a fault (e. g. Vidale et al., 1994) have shown that the
ruptured fault zone could regain its strength following a large earthquake. This trend is consistent
with state- and rate-dependent healing models (Dieterich, 1978; Marone, 1998). Rupture models
that involve variations in fault-zone fluid pressure over the earthquake cycle have also been
proposed (Sibson, 1997; Blanpied et al., 1998). Moreover, structural and rheological fault
variations, as well as spatial and temporal variations in strength and stress, will affect the
earthquake rupture (e.g., Wesson and Ellsworth, 1973; Das and Aki, 1977; Rice, 1980; Aki, 1984;
Vidale et al., 1994; Beroza et al., 1995).

In this section, we review the post-seismic recovery in fault strength with damaged rock healing
on the JVF from repeated experiments using explosions at the Landers rupture zone from 1994 to
2001 (Li et al., 1998a, Li and Vidale, 2001, Vidale and Li, 2003). Fig.6 (left) exhibits similar
seismograms recorded at Line 1 for shot SP4 in five repeated experiments conducted at Landers
between 1994 and 2001. However, waveform auto- and cross-correlations show that traveltimes
of P, S, and FZTW advanced between 1994 and 1996, further decreased between 1996 and 1998,
implying the heal of Landers damaged zone with the greater healing rate in the earlier stage. This
healing trend interrupted by the 1999 M7.1 HM earthquake in 1999 between 1998 and 2000, and
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then recovered again between 2000 and 2001. Fig.6 (middle and right) displays similar waveforms
of P, S, and FZTW in seismic profiles recorded at Line 1 for SP3 in repeated experiments. The
measured decreases in traveltime would be simply to interpret. For example, the traveltime of the
P wave was ~1.5 s, so the P wave velocity increased by 2.6% between 1994 and 1998. Traveltimes
of the S and FZTW were 3.1 s and 4.2 s, so the shear velocities increased by ~2% between 1994
and 1998. However, wave velocities decreased by ~0.4% between 1998 and 2000, and then
increased again by ~0.5% between 2000 and 2001.

Profiles at Line 1 for Repeated Shot SP4 (a) Profiles at Line 1 for Repeated Shot SP3 (¢) Traveltime Decrease Between 1994 and 1997 at Line 1 for Shot SP3
4 l9% 1998 __ 2000 1994 1998 2000 2001 window
L (RN

within Landers rupture zone
__ 1994
121 I- 1 e ---- 1997

L )
[] [[]

| B " L L
H B 2 * Timefs) *

== window 1 window 2 window 3 vindow 4
’ e (s) f T T
= LT — ST H H H H
sto - ok ‘ v e o o0 /_’3 A~ } e } 7 } .
”“'"‘"'AAWWW‘V"WWW GFSFITW SO SFAW B0 AW WeFsfaw B h h
Time (s) ETTEE] BT TN ETITEE]

0 "2 : “ Time(s) © § ° (b) ! WNDY" (P black 194 Time Shift s)

window 1 2 wim?ow} ST0 blue 1998 out of rupture zona
7 \NAN VAN ““ . "W'Um Wl E13 .
005 00 o A% 0 005 ETRT T pink 1502 g F 2 B T Time(s) ° S L] f
§T0 ““.' MWL A WY v window 1 window 2 window 3 A ) ) \ y

6 1 0 § ] L]

Time (5
00 Ty

Q.00 ZAN
TimeShi(s) e blue 1998 /\A/\\/\/\./:\/\/\/

¢ 2 4 Time(s) ® 8 10

20 05 g T 0o a6
TlmeS”h\?t[s)

570 A A n A qreen 2000 fk ij . i 2
sT0 ‘ 0 ,
¥ t T Tme® ¢ ¥ ) -oooo e - 00 1[::” esm-tlz' Wi -booon e
0 ] 3 Timels) 6 3 0 AN A 2 Els
S - = Time Shift (s) green 2000 h + »
g sT0 red 2001 Time (s

0 2 4 Timels) ¢ 8 " N\/\/\:‘\/\/\/\/]\E/\/l\/\/

Time Shift (s) Time Shift (s)

Fig. 6 left: Similar seismic profiles recorded at Line 1 across the JVF for shot SP4 detonated within the Landers
rupture zone in five repeated experiments in October of 1994, 1996, 1998, 2000, and 2001. Seismograms
recorded at station ST0, and auto- and cross-correlations (in blue and red) in 3 time-windows between a pair of
recordings in repeated experiments show that traveltimes of P, S, and FZTW were decreased by 26, 35, and 50
ms between 1994 and 1996, and further decreased by 15, 25, and 35 ms between 1996 and 1998, but increased
by 7, 12, and 16 ms between 1998 and 2000, and then decreased again by 7, 14, and 20 ms between 2000 and
2001. middle: Same as in left but for shot SP3. Waveform cross-correlations between repeated recordings at
station STO show that traveltimes of these waves advanced by 40, 65 and 82 ms between 1994 and 1998. right:
Waveform cross-correlations in time windows (1)-(4) at 3 stations of Line 1 for repeat SP3 show that travetimes
arriving at station EQ1 within the rupture zone advanced by 50, 70, 85 and 105 ms for P, S, and FZTWs, but
much smaller changes (<10 ms) at E13 and E16 outside the rupture zone between 1994 and 1997.

OF B0 008

Fig.7a shows the decrease in traveltime of P, S, and FZTWs measured from cross-correlations
of seismograms recorded at all stations of Line 1 and Line 3 for shots SP3, SP4, and SP5 between
1994 and 1996, and 1996 and 1998. Fig.7b illuminates the shear velocity increases around the JVF
between 1994 and 1998. This process may be interpreted as reductive dilatancy (Nur, 1972).
Estimates of the change in velocity due to the change in the density of cracks can be calculated
using equations in which the elastic constants of fractured rock are functions of the crack density
(O’Connell and Budiansky, 1974). The apparent crack density is defined by e = N(a’)/V, where a
is the radius of the flat penny-shaped crack and N is the number of cracks in a volume V. Assume
randomly oriented cracks to be partially-water filled and Poisson’s ratio to be 0.33. Using Vp =
2.0 km/s and Vs = 1.0 km/s for the fault rock at shallow depth, the calculated apparent crack density
within the Landers rupture zone was decreased by 0.03 between 1994 and 1998, which caused
~4% increase in shear rigidity of the fault-zone rock. Fig.7c shows the depth dependence of the
inferred fault healing with the greater heal at the shallower depth. We also note that the healing
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rate is greater near the stepover between the JVF and HVF at shallow depth probably related to
the stress-controlled fluid redistribution around the fault stepover (Peltzer et al., 1996).

(a1 10—, i “a:: Fig.7 (a) Measred traveltime decreases of P, S and
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Fig.8 summarizes measurements of cumulated and annual velocity changes within and out of the
Landers rupture zone between 1994 and 2001 indicate that the healing rate is not constant but
decreasing with time, consistent with the existing healing model (Dieterich, 1978; Marone, 1998).
P and S velocities decreased by ~0.4% between 1998 and 2000, and then increased again by about
~0.5% from 2000 to 2001. The decrease in velocity between 1998 and 2000 might be caused by
dynamic stresses during the HM earthquake on the JVF (Fialko et al., 2002), because concentrated
deformation may cause damage, low-strength fault zones are sensitive to damage, and the wave
amplification is caused by their low impedance. The ratio of traveltime changes for P to S waves
(Atp/Ats) decreased from 0.75 to 0.55 between 1994 and 2001, indicating that cracks within the
rupture zone were partially water-saturated and became wetter with time after the mainshock
(Garbin and Knopoff, 1975; Li and Vidale, 2001; Vidale and Li, 2003). From this evidence, it
appears that some partially saturated cracks which had opened during the mainshock closed soon
thereafter. Closure of cracks increases the frictional strength of the fault zone, as well as its
stiffness. This is consistent with our tentative interpretation of a well-developed LVWG on
Landers rupture zone as being at least partially created during the 1992 M7.4 mainshock, although
it represents a worn zone that has accumulated over geologic time.
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a - b

Fig. 8 (a) Measured annual increases in velocity
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3.2 Fault Healing on Hector Mine Rupture Zones

We carried out repeated seismic experiments using explosion sources at rupture zones in October
0f 2000 and November of 2001 to monitor seismic velocity changes with time after the 1999 M7.1
HM earthquake (Li et al., 2003b). Similar waveforms of P, S and FZTWs were recorded in repeated
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experiments. In summary, waveform cross-correlations of the recordings show the percentage
decrease in travel time of P, S, and FZTWs at all stations on Arrays 1, 2, and 3 for shots SP1 and
SP2 between 2000 and 2001 (Fig.9a). The changes in arrival times were larger at stations within
the rupture zone than outside the zone, and larger on the LLF than on the BF. Accordingly, the
velocity increased by ~0.7-1.4% for the P wave and ~0.5-1.0% for the S wave within the rupture
zone between 2000 and 2001, but by ~0.45% for P waves and ~0.35% for S waves in surrounding
rocks. These observations indicate that the rock rigidity in fault damage zone increased with time,
due to the closure of cracks that opened during the mainshock. The mean ratio of decrease in travel
time for P to S waves is 0.725 within rupture zone between 2000 and 2001, but is 0.79 for
surrounding rocks, suggesting that cracks within the fault zone are more wet.

However, the post-seismic velocity increases vary on multiple rupture segments (Fig.9b), and
are also depth dependent (Fig.19¢c). These variations show that the multiple fault segments may
regain strength at different rates due to the heterogeneity in rock type, slip and stress distribution
as well as rheology. We tentatively interpret that the rupture zone on the middle LLF at shallow
depth in a region with larger slip and soft sedimentary rock would inflict greater damage due to
elastic response and strong shaking, and thus greater healing occurred. Fig.9d exhibits the annual
healing rate with velocity increases on the HM rupture zone on the LLF between 1 and 2 years
after the 1999 mainshock and for larger intervals on the Landers rupture zone on the JVF after the
1992 mainshock, showing that a fault may regain strength more rapidly in the earlier stage of the
interseismic period, but may take a long time to fully recover the strength for the next earthquake.
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4. Synthetic FZTWs Produced by a Layered LVGW

Multiple amplitude peaks of FZTWs in long duration post-S coda recorded at rupture zones of
the 1992 Landers M7.4 and 1999 Hector Mine M7.1 earthquakes might correspond multiple layers
within the fault damage zone. We interpret that the early portion of FZTWs with the maximum
amplitude is mainly produced within the top layer of the fault damage zone having the lowest
seismic velocity, and the late portion of FZTWs with minor amplitude peaks likely produced
within the deeper layers having smaller velocity reductions from wall-rock velocities. These minor
amplitude peaks in the late portion of FZTWs could be worth in evaluation of the depth extension
of the fault damage zone.
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We recently used a 3-D finite-difference codes (Vidale, 1989; Graves, 1996) to test the trapping
efficiency of a depth-dependent layered low-velocity waveguide (LVWG) for FZTWs (Li, 2022a,
b). The model is composed by four layers (L1 to L4 from top to bottom), each layer is 2.5 km
thick, including a 200-m-wide LVWG shown in the upper left of Fig.10. Seismic velocities within
the LVWG are reduced by 50% from wall-rock velocities. Q values are 30-60 within and 150-300
out of the LVWG. A double-couple source is located within or 2-km away from the LVWG at
different depths and distance from the receiver array with the station spacing of 50 m, which is
perpendicularly across the LVWG at the free surface. Fig.10 (lower left) shows the diagram of
ray-paths from a source located within the LVWG at 10-km depth beneath the center of the receiver
array. Green lines (labeled by Fd1 to Fd4) denote ray-paths of direct waves traveling within each
layer of the LVWG between the source and receiver. Black lines (labeled by Frl to Fr4) denote
ray-paths of refracted waves at a critical angle traveling within each layer and along the boundary
between the LVWG and surrounding rock. Red lines denote ray-paths of reflected waves to
produce FZTWs by coherent interference within each layer of the LVWG.

3-D FD Simulations of FZTWs for Sources within the 4-Layer Fault Zone
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Fig. 10 left: The schematic diagram of the four-layer model with a LVWG. P- and S-wave velocities in
surrounding rocks for each layer are plotted. Red stars denote source locations. Blue triangles denote receiver
stations. Lines with arrows denote ray-paths between the source and receiver within the LVWG. The diagram in
lower left shows the ray-paths from a source located within the LVWG at 10-km depth beneath the center of
receiver array. middle: 3-D finite-difference synthetic seismograms (<5 Hz filtered) in vertical and fault-parallel
components, using this model with sources within the LVWG at 5 km and 10 km depths and epicentral distances
of 0, 5 km and 10 km, respectively. Vertical red bars denote the width of LVWG. Vertical blue and brawn lines
align the first P- and S-arrivals. Vertical green lines align arrivals of direct S-waves traveling within multiple
layers of the LVWG. FZTWs (in red boxes) show multiple amplitude peaks corresponding to multiple layers of
the LVWG. The entire durations of FZTWs (denoted by red horizontal bars), within which amplitudes above
twice noise level, increases as the epicentral distance and depth increase. Grey lines align the entire durations of
FZTWs, showing the travel time move-out versus distance. Right: The schematic diagram of the model
containing a shallow LVWG having only two top layers to 5-km depth. Ray-paths in blue and green color denote
waves traveling outside and within the LVWG. FZTWs show 3-4 s post-S durations for the source at 10 km
depth and epicentral distances of 0 and 10 km.
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Fig.10 (middle) demonstrates 3-D finite-difference synthetic seismograms using this multi-
layered model for sources located within the LVWG at depths of 5 km and 10 km with epicentral
distances of 0. 5 and 10 km from the array center, respectively. FZTWs with multiple amplitude
peaks in the post-S coda are shown at stations located within the 200-m-wide LVWG. The FZTWs
are produced by interference of coherent reflected waves with an amplitude peak at the Airy phase
within each layer of the LVWG. The early portion of FZTWs with the maximum amplitude is
produced within the top layer of LVWG when the refracted waves from the deep source enter the
layer bottom as shown in the ray-path diagram (Fig.10, lower left). The late portion of FZTWs
with minor amplitude is produced by interference of coherent reflected waves within deeper layers
as refracted waves enter the bottom of these layers. PSSP ratios of the entire FZTWs are 1.8-2.0,
showing that FZTWs are well generated as the source and receiver are both located within the
LVWG. The duration of FZTWs increases as the travel distance within the LVWG increases.
These features are consistent with observations of FZTWs at Landers and HM rupture zones. The
smaller amplitude peaks in the later portion of FZTWs could help depict the depth extension of a
realistic fault damage zone. We then tested the model with a shallow LVWG containing only two
top layers extending to 5-km depth and sources located at 10-km depth beneath the LVWG. When
seismic waves travelling from the deep source through surrounding rocks first and then enter the
bottom of the shallow LVWG at 5 km, the coherent reflected waves form FZTWs within its two-
layers. The post-S duration of FZTWs for the source at 10-km depth and 0-km epicentral distance
is 3 s as the same as that shown in seismograms for the model with 10-km deep LVWG and the
source at 5-km depth and 0 km epicentral distance, because waves travel the same distance within
two top layers of the LVWG. However, the duration of FZTWs for the source at 10-km epicentral
is 4 s, much less than that (6-8 s) for the model with 10-km deep LVWG and the source at 5- or
10-km depth and 10 km epicentral distance, because waves travel shorter distance within the
shallow LVWG. These numerical tests show that the early portion with the maximum amplitude
peak of the entire FZTWs is mainly produced in the top layer of the LVWG for a deep source.

3-D FD Simulations for Source 2 km away from the Four-Layer Fault Zone
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In contrast, Fig.11 shows synthetic seismograms in terms of this multi-layered model for sources
located 2 km away from the LVWG at depths of 5 km and 10 km with epicentral distances of 0
km, 5 km and 10 km from the center of the array, respectively. Seismic waves from off-fault
sources travel in the high-velocity surrounding rocks first, and then enter the bottom of upper
layers of the LVGW within which FZTWs are produced. Although these FZTWs show large
amplitude but have shorter post-S duration than those for sources at the same depths and epicentral
distances within the LVWG because they travel shorter distance within the upper layers of the
LVWG only. The PSSP ratios for these FZTWs are around 1.0, much smaller than those for on-
fault sources. We also tested the model with a shallow LVWG containing two top layers extending
to 5 km depth for sources at 10 km depth with 2-km offset from the LVWG (Fig.11, right). Seismic
waves from the deep source enter the bottom of the shallow LVWG at 5 km, within which FZTWs
are produced. The post-S durations of FZTWs for the source at 0 and 10 km epicentral distances
is 3-3.5 s nearly same to those shown in Fig.10 (right), because FZTWs travel the similar distances
within the two-layer LVWG in these examples. These numerical tests show that the FZTWs with
large amplitude and short duration can be produced within the top few layers of the LVWG despite
the source location within or out of the LVWG. However, the duration of these FZTWs is much
shorter than that from sources at 10-km depth within the 10-km deep LVWG. Therefore, when we
analyze the recorded FZTWs, using the early portion of FZTWs showing large amplitudes, which
are dominant in seismograms, but neglecting the late portion of FZTWs with small amplitudes
might lead to underestimate the depth extension of a realistic multi-layered fault damage zone.

3-D FD Simulations of Fault-Zone Trapped Waves for a Uniform Fault Zone
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Fig. 12 Same as in Fig.10 and Fig.11 but for a uniform LVWG. FZTWs with a single large amplitude peak in
long duration appear as the source and station both within the LVWG.

For a comparison, we tested the trapping effect for a uniform LVWG, within which seismic
velocities are reduced by 50% from wall-rock velocities (Fig.12, left). As the source is located
within the LVWG extending to 10-km depth, FZTWs with large amplitude and dispersion appear
at stations located within the 200-m wide LVWG (Fig.12, middle). The appearance of these
FZTWs is relatively simple and with a single amplitude peak, different from those with multiple
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amplitude peaks produced by a multi-layered LVWG. The duration of FZTWs increase as the
travel distance within the LVWG between the source and receiver increases. As the source is
located 2 km away from the deep LVWG and above its bottom at 10-km, no FZTWs are observed
in all stations. However, for a shallow uniform LVWG extending to 5-km depth, FZTWs are
produced within the LVWG as waves from 10-km deep sources enter the bottom of shallow
LVWG at 5-km depth (Fig.12, right). The durations of these FZTW are 3.5-5 s, similar to those
produced by sources located at 5-km depth within the 10-km deep LVWG (Fig.12, middle). Using
a uniform LVWG to simulate recorded FZTWs with the maximum amplitude peak might lead to
an underestimation of the depth extension of a depth-dependent multi-layer fault damage zone.

5. Conclusion and Discussion

We used FZTWs generated by explosions and aftershocks and recorded at dense seismic arrays
deployed across and along the rupture zones of the 1992 M7.4 Landers and 1999 M7.1 Hector
Mine earthquakes to investigate the internal structure and physical properties of the fault damage
zones in 4-D. The damage zones are interpreted as being a process (breakdown) zone as suggested
by fracture mechanics. This zone is partly the transient result of the dynamic rupture in the 1992
M7.4 and 1997 M7.1 mainshocks although it probably also represents the accumulated damage
from previous earthquakes. The width of fault damage zone on the LLF at Hector Mine is about
half of that on the JVF at Landers. The entire length of HM rupture zone is about half of the
Landers rupture zone, consistent with the proportional scaling of process zone size to rupture
length as predicted in the published dynamic rupture models. Velocity reductions within Landers
and HM rupture zones are approximately the same, indicating that fault rocks were damaged to
the similar magnitude in the two earthquakes. At Landers, the rupture is segmented by stepovers
between pre-existing faults. At HM, the northern rupture zone bifurcates with the similar slip
displacement release and damage magnitude, but one exposed at the surface and another buried.

We observed the healing of the JVF with time after it ruptured in the 1992 M7.4 Landers
earthquake, and this healing was interrupted in 1999 by the nearby M7.1 HM earthquake rupture.
Although the fault healing due to chemical process may have a significant effect over longer time
period at seismogenic depth (Angevine and Turcotte, 1983), we prefer to the ’crack dilatancy’
mechanisms associated with the post-seismic fault healing at shallow depth even if other processes
are active too. The HM earthquake both strongly shook and permanently strained the JVF, adding
damage discernible as a temporary reversal of the healing process. The fault has since resumed the
trend of strength recovery that it showed after the Landers earthquake. These observations lead us
to speculate that fault damage could bd caused by strong seismic waves, and may help to explain
earthquake clustering and seismicity triggering by shaking, and friction reduction during faulting.
Repeated surveys at the HM rupture zone showed that the seismic velocities increased with varying
rate on different rupture segments after the 1999 mainshock, suggesting that a fault may regain
strength at a different rate that depends upon the heterogeneity of rock type, slip and stress
distributions, and rheology. The healing rate decreases with time, showing that the damaged fault
zone can regain strength rapidly in the early stage of the interseismic period, but may take a long
time to fully recover the strength for the next earthquake on it.

The depth extension of damage zone on an active fault zone is still a crucial and challenging
issue in the view point of fracture mechanics and in the seismic profiling. We observed multiple
amplitude peaks of FZTWs in long duration post-S coda recorded at Landers and HM rupture
zones, which might correspond multiple layers of the fault damage zone at depth. Our recent
numerical tests for the FZTWs produced by a depth-dependent layered LVWG show multiple
amplitude peaks in the post-S long-duration coda, consistent with the observed FZTWs at Landers
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and HM rupture zones. Although the early portion of FZTWs with the maximum amplitude peak
is most likely produced within the top layer of the fault damage zone, the later-portion of FZTWs
with smaller amplitude peaks might come from its deeper layers. For a layered fault damage zone,
FZTWs with large amplitudes could be produced within its upper layers as only as the source is
located below the bottom of these upper layers. However, these FZTWs show shorter post-S
durations than those for the source located within deeper layers of the fault damage zone. Because
most aftershocks occur out of the narrow (several hundred meters wide fault core zone, FZTWs
with large amplitudes but short post-S durations are assumed to be dominant in recorded
seismograms. It might lead us to underestimate the depth extension of fault damage zone.
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Abstract: S100 protein is a small molecular EF-handtype structural protein widely
expressed in vertebrate tissues, which is involved in many processes such as cell
proliferation, apoptosis, differentiation, inflammation, calcium homeostasis and
energy metabolism. Many nervous system diseases are attributed to the destruction of
intracellular calcium homeostasis. S100, as a calcium binding protein, plays an
important role in the occurrence and development of diseases such as Alzheimer's
disease and Parkinson's disease, it is suggested that S100 protein may be a diagnostic
marker and therapeutic target for central nervous system diseases. This article reviews

the significance of S100 protein family members in different nervous system diseases,
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and discusses the potential intervention strategies for S100 protein in clinical
treatment.

Key words: central nervous system; S100 protein family; calcium homeostasis
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¥ S100 & (41 S100A7. S100A12 Al S100B AW 45 & Hoath — I &8 B 1, e
(Zn?) il (Cu?) AL (Mn2) %5, KRB S100 Z% & A 2 A & R0 P 5 AR
AV R I A AR B AT, AR B AT TR F A B AS S AH [ 081,
3. S100 FEA XKLV ZIIEE
S100 A5 KEAFE S AHEAER, NS5 &Ml fe, A ca
A b L REMAREEEY. XF Ca LTS5 AT
2, HFHER Ca ik E 2 SEAMMAtT. Rk, AR Ca2tK o & 5c s B0,
S100 2 AN AT 38 i 4 B i 2 Ca2t 5 I 25 & JF g i, T HLr] a5 s A
A EAER, RERANIE A CaFaZs0, K2 H4nfinsh S100 £ (15 M A kE AL
AP 3244 (advanced glycosylation end product-specific receptor, RAGE) F1 Toll
FESZAK 4 (Toll-like receptor4, TLR4) AHEAEHRY, S100 5iX sz Rk 4h & J5 il
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WAL A% R TkB (nuclear factor kappa-B, NF-kB) , 5:Z4i i Pl 7 AL 4 R 11
Fik i, WANE-1p (IL-1p) MHRIRIER T-0 (TNF-0) Z508.221,

BEoh, WFFEE P S100A7. S100A8. S100A9 F1 S100A15 EATHAILEFE, W)
51 PR 20 R R EL A 23200, S 100 A 1% 240 i 1 A 1 i 3 108 3 B RAGE fik
LT AT, 15T NF-«B MR FEE B (MAPK) 5915, MM
SRR 7R A A7 B A I 27291, — 2 S100 25 (U1 S100A2. S100A4 .
S100A14 A1 S100B i& 7] 5 p53 AHEAEH B2, #i§+7 DNA EHl3f# FRMT-EA
fRrESR3, BRItk S100 A5 (5 40 M 8 T g1 R A O¢ (12D

S$100A2 S100A4:
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Fig.2 Schematic diagram of S100 proteins participating in signal pathway regulation

—. S100 EEXKKRAEDRME RATIRH IR X
1. S100 FH 5F/R2&¥#BRAE

BT JR R HEERIE  (Alzheimer's disease, AD) & —Ffi8 MEHEIT M 2B 4T M0
T3, RGN B S R By 1) 2 X 3. K240 AD B R R VR, 1250 s
AR, TEEN R HIERIERFEBAL (AB) B4, FELRRRF I AT L
CHRBE N RRG RIS SO0 #HEE JRE . A RIS 7K P 2 AD g B 2%
IR EE BRFAERS) . JE A A R 1 25 Rl S100 & A, 47— SeRIE T K,
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Hr bR AD @A 5<: S100B. S100A1. SI00A6. SI00A7. S100A8. S100A9
FS100A12. XEHEAIEN Ca2 L&, TS5 Ca2 B, #IL. LAK Ca?f
WA MEYE, 0 AD T 4ERERE Ca? (5 SR UL R AT AT AL .

S100B /& AD yu [ Wi 7 i 2 11 S100 & . 7R, AD HH M AD /)
FRBEAY36. 37 fy 5 b S100B /KB 2 iy T IE R X HR2H, FRrITEE S it Fl i 2
T 2ol ) S100B 7K1 H KB INGSl, 78 —Tillm PR 7eH, A A
JEHIR ] AD S LG S100B 73 Al 0 7 60 fE A0 37 % 72 FA H B RAE Y
AD H# 1, S100B /KPS, BEHUARBI 10 £5: A2, ERAM™E
P RE (1 8 T, B B BRI KT I B 5 550 B (R — 85, IR R AR B
P RAE ) AD BB, FEURIY BB T S100B ¥R BETH s (1 Sz AR A, Tl R 2
TR T ARS8 A RB), S100A1 EEAEMZ T RIE, SHHM*MN—
LERE AR AD R TR, BN E R Z A& (RyR) , tau LK RAGE &%, H.
S100A1 5 tau R FHLTCAIAENT ABRIRBUR A S0, HhAbh, 7E NS AD i
AN AD /N BB R BEER AR TR T A S 2 40 g 41 STO0AT [HHTARI*1. S100A6
£ AD MRHE &2 i 2558 9 5 AD RALRE IEAHCHE A e —142, 5 HAh
S100 ZE 4 —F£, S100A6 7E AD HF# F1 AD /N p i, FRAE I AR i o Bl 4%
ABVERY AR ORI B T s o3 A PR 1 R v e R ). 44, S100A7 TEARE
WRIBEAG S TR G N, ELYE AD i S5 10 DK R o 9 o 3 3 i s
S100A8/A9 5 IEJE M FE -7 WA ADAM-10 2 [HHAF/EBE R, S100A8/A9 73t
JE#i% ADAM-10 1) AD /MU AL h RIE AR, AD B i af WL S100A9 It
FAITE R, WEFUAR HTEMRSh, ST100A9 REDS T BISALTE N 1 45 K ) 2R & S M I 5
BIEMFETOCR], WA PP KR E RN, L S100A9 HIHIGART R IT B
BHTZHIT. S100A12 J& AD 5% FHFF i/ S100 B A, {UF — T 54k i
T S100A12 ANTAET Be S UK ME AD B35 KM 2 aE B, B SR 5 48
FIAZ TOAHOCHS), 25 b, XL 7T 45 LB S100 & I 7E—28 AD AH G AR B
S AR A KRR
2. S100 FHH 5HEHRM

5 AD 251, &AW (Parkinson’s disease, PD) thhy—Fiik{T MEpfLiB4T
PEZR , T BEARFAE o R AMAZ B FE R B T X SRR, BB W R I IZ IR 4%
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R R SR = AR FE IR, B 5T, (RSRIA 1Y S100B A s yai b /N 5 o 48 i
FE /42 1 TNF-aff) R IX TR BRI ER ;T S100B 15 212 W0 (12 28 20 i ]
THIR, L ORI A TR, e R HIE W 4 200 5 S0 5 B
S100B £& A 7K VB B T IE# 41059, S100A6 5 54l A& B 78 i Hh K BRIk 1
#UAR 2 —J& CacyBP/SIP &, &iaETHitrie & AMRAY, ik AD
BH IR CacyBP/SIP KisI/D, 278 S100A6 7E AD 1473 B 2 (51,
3. S100 EH 54

G PEMG 45145 (traumatic brain injury, TBI) 7E &5 M35 45 d & o8 W,
Z 5 HAME MO EIHAZE, UL, mBUREmAE &R0 E. Hil
7 TBI (587, CSF AL A S100B 7K P-4 A A 2 H o 0L 59 B 61 4% 1
P 51 ) PR AR 1 AT S AR AR A, TR E 5 I TS 5 DA DR 2, FE
S100B & K] w5 /N B A2 A% FH S100B FE BT/ B ) 52 4% B o f e i A v, P e
T ) B K T TBI R AR, o038 TdizThRe, JFEs 17 /ANRR
A HE AL S100B FE U7 4HAE B2 D T IR IS BRI I G T R R T I T
F9%, $27% S100B 7E TBI 5 T M #HEE 280 4H AL 09 R0 20 T B i o i 5 o
FEH, TAIREA TBI ML IR T ¥R, BAE =R R, 1E65 1 ik 35 45
Ja, KBRS R R ZHZA T ST00A6 £ 11 BT e 28 SR Af, Bl 60 9 5 BT I
¥, S100A6 &5 [ FRE R HETEI T, B 2005 — R 51X A LA = R o5
THARE Lo IXAE R S BRI J5 B REE, S5IER | TBI B BRI S KR,
RN RE AR J5 BT B R — 2, SRR 2 ST00A6 321k 5 fh 2 4H L I
Wt 5B A —E KRB,
4. S100 3 E 5/ /i e 2 8

kSRR 22 1t 702 B S100B 78 i 88 A i B 9o 7 TN BUH 2 W . VAT KPS
IR BN A BB X 42 R G s L) JEE, S100B. S100A11,
S100A16 1ER R LA TR AP BE m TIEW AN, £ S100 F LK 7T 5E
St i e I R A A LA E I TS I B0 B BB N B 2N 5 T U B B 1D S e
T2 —, ik 75% G B SR R AESE TN A TE e . TERR R, F
SIRNA Ji /> S100B HJ 3 A& AL 0T p53 e sl YA p53 ML I 23842, R W)
S100B 7] fg i o T 8 #1198 25 H pS53 1 2 e AR K RE RO £E JE /)N 2 i i e
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(non-small cell lung cancer, NSCLC) M%), i S100B 5 NSCLC
MRS B3 A DG, Hi R /KF S100B S5 A m S s MG B g M oe, #
BRI S100B /& -3k I NSCLC i 4% (M BUsFIRy S AR 54 AT A TIUG VF
Al R M T L7,

5. S100 & A 5%

W & — MR A0 S, LUR B RAVERRHE, 5 5% Bid B i it 2
WA G, HETH TSI R B, 5 ICA R R T8, 2 R
TERIR R R AR EORAS i SR A, o e R H) RS2 7k TLR4 7E
TR BN, IE, TLRA LERURE - 10 1E 5 o i T AR 1958 R &)
M, TERPA A AR S IO X BB, DR RO R 5T X ST00A6 ik 4k
A HIK, S100A8 /A9 fE4 TLR4 1 A IEIEBCAATE TLRA /-5 1) & 1 id i b
KA H B EAFE), ST00A8 /A9 ISP NS PH- Tt ik A2 — i L PR HE VR 2
T, TERE. R ISR N TR R A KRR, R S100A8 /A9 (1)
RIEAKFE T IEHE N HJFENTET S100A8 /A9 5 TLR4 454 Iffilt /R NF-«B
B9, M IL-1p/ 4, MIM4ERF AR B M RREAAAE,  DLRREEHI A
BB, AR R R T RE 0T, [RI, ST100A8 /A9 1 fEfE N M &) g
PERVRITHE S, (B H BT GBI A5 HT S100A8 /A9 42 il (1 SLIG R SRS, ik
A R — B ¢
=. S100 FEEKRIEAME RGEIRIATHE AR A R

KR S100 & AR IRTT 2 BB (RIBTEIR T #E 22, S100 HRIHT 4
FZN Gy -3 T B TF R CURECN 24 A —SERaRE o [ B S PR R 14 4% R 7
R TT I3, 40 S100B Ay —Fh i P 45 25 7 32 M i A A A (AR 22 Jik,
FIEET AD MR fE . 55t HRZIAHLE, S100B 5 K Eifi i) AD /) BRU% Jii B
BRAAAAT  JBJ3G A R 22 0 T RR R A AT 2 5 AR, R ST00B 11kl 77 T Sk 4 Fi
IRUHFBRIR I HEELS) . S100 B2 H, Hpl /2 5 ko8 A i SI00A8. A9 A1 A12 4%,
TEVRT — R PG 1 Gy RN R ¥ AR, B4 RV 2 Bk RS
AU B R Y S50 SO PE I s o 7E B T LA 38 B R G051 R IEAORE , B X
2 ARG BB L NSRS, T S100A9 H0HI 70 4E SRR (T 1 VA 7 AT LAy 8 465
F R 229 AR 1651,
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Y2 S100 & A ZURTILTE 7K 155 4L 23 BR) 1 2 AE 33 18] )9 7™ BB AR FEE AT
Ry BEXTSZARMPEC R K h RERHWTHTiA gl 2 RIEIR YT 2 R e 771, MH]
FEFEAE AN GBI IR TT 1 00, A4k S100 2 1 E I8 I 4 i 21615 5 1% %
NS ZHBFA T RIRAE RN, B, ] S100 ThAEFH Wik n] sEsR a7
XA A RARTT A, A BT 2 R XA 2 R GO IR T X TR F
U5 R o AREGUE S100 8 I AF 94 b 5 WA S S A 0 AN i o g 1
L BLEIFRIET BT S100 3677 58T SK0S, K O9iRTT S100 ZR & H 3RS (1 EAE
B 5 S PRI AME S AE SR S R (BT I T ik
U, /&

Zi b, V2RSS S100 8 A IRIEAK T B2 5%, S100 & FAE X
M2 RGP R AL R R RE T R 2 55, CaB il N 92 BRI &8
TR S, B 2 B R FERA E S100 8 FAE N AL 1)
RPUZLAUERIEE . H AT CAE S100 8 H HUAHAR A S Zh g LLECEATIHE SO0 « JEE |
E B S S P A e R AR 5 T A EE KRR, LR S100 B8 B AR A
B SRR T AR SR RITE R, R S AT Ah S100 155 HUAH & I 52 44
ST TRMAR R LIRARE S100 A MM S 5@ 2WhisiE
LR Ja AR S5 AR ML O ik e 22 28 G Bt 3R G ik 7 2t Fe 1R 1t
W W 2 — B2 A R0 S100 971k, Bk S100 & FAE N A bs EX)
FEF IR RIS AR, IR R LT BT S100 I8 77 (R8T SRR 2 R K 5%
T3 T o
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Thank all of Association colleagues at USACSA for making this Journal available.

In last several years, people around the world start building up some momentum to curb global
environmental problems such as climate change and alternative green energy, and trying to
work together for solutions. However, the environmental problem has entered a more
complicated social, economic, and political chapter. To cope with the problem, we may have to
balance the economic development and environmental protection in order not to cause social
and economic conflict and turmoil.

Yes. We are the human being living on earth, and responsible for all of pollutions, global
climate changes, and the recent pandemic, etc. All of the environmental problems seem to
point to the same reason of increasing human demand in living. Today, we have more people
than ever in the human history. Global population had grown from 3 billion in 1960 to 6.8 billion
in 2010 and almost 7.8 billion in 2020. Energy consumption in the U.S. has more than doubled,
and the municipal waste in the U.S. has tripled during that 60 years. These increases are no
doubt translating into environmental burden and damages.

At the United Nations 2009 Copenhagen Climate Change Conference, a Chinese delegate
argued that China’s biggest contribution to the solution of global environmental program is its
population control policy. According to him, China has been implementing family planning
policy (to reduce birth rate) for the last 3 decades in counting to reduce approximately a total of
400 million people, which is translated to reduce about 2 billion tons of CO2. From that
perspective, the environmental pollutions and global problems may all be attributed to human
growth.

Maybe the human growth is the primary reason for our global environmental problems? If we
do not see it this way, our new efforts, technologies, energy, resources, and new ideas may
quickly be outweighed and overwhelmed by the quicker growth of human population. However,
if we see it this way, the population control will become a social and political conflict among
religious believers, which may cause road blocks to slow down environmental protection and
solution. lronically, China has changed its population control policy to relax the birth control in
10 years after the above-mentioned Copenhagen Climate Change Conference. This is because
China recognizes this kind of population control policy could not sustain in a society.

This is, | call it, an environmental paradox between human beings and the nature. Human
beings may be the most intelligent living things on earth. They will and have right to reproduce.
However, one day, we may run out resources and space to hold all of us on earth. Reckless
growth and endless consumptions are definitely unsustainable on earth. Therefore, thinking
about a long term solution now should be commensurate to our current environmental efforts.
For us, we should not fight with the nature and try to take more from it, rather we should start
behaving, protecting the environment, saving energy, stopping wasting resources, and reusing
all we can. So, what do you do for the environment today?
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The commentary | wrote and submitted to your journal was the one | wrote for SCCAEPA 30-
year anniversary journal. SCCAEPA is Southern California Chinese American Environmental
Protection Association (BNt A TMRIHE).

Therefore, please indicate this commentary is a repost from SCCAEPA Journal.
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