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Abstract

At the transition from quiescence to propagating waves recorded in isolated
retinas, a circular electric current closes in the extracellular matrix; this circu-
lar current creates a magnetic torus flow that, when entering quiescent tissue
in front of the wave, recruits elements and when leaving behind, helps to
build the absolute refractory state. The waving magnetic torus is the conse-
quence of the vortex effect and explains the energy boost that drives propaga-
tion. Methods: We interpret experimental results from intrinsic and extrinsic
fluorescence dyes, voltage, calcium and pH sensitive, optical signals from iso-
lated retinas, and time series recordings using ion exchange resins: Ca, K, pH,
Na, Cl recorded extracellularly at retinas, cerebellums and cortices coupled to
spreading depression waves. Finally, we checked the ECoG activity, also a
time series, at the transition from after discharges to spreading depression in
rat hippocampus. Results: The integrated assessment of the diversified mea-
surements led to the realization that the magnetic flow at the wavefront is a
major contributor to the wave propagation mechanisms. This flow couples
mass and charge flows as a swirling torus from excited to quiescent tissue.
Conclusions: An alternative model of the brain is possible, apart from the
classical HH and molecular biology model. Physical chemistry of charged gels
and its flows explains the results. The conceptual framework uses far from
equilibrium thermodynamics.

Keywords

Brain Electrochemistry, Retinal Model, Resonance, Spreading Depression,
Functional CNS Syndromes, Vortex Effect
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1. Introduction

The power of the vortex effect in separating matter and energy is known to
mankind since millennia. Our species learned how to use it since antiquity, in
obtaining drinking water and air conditioning buildings in desertic regions [1].
In this manuscript, we will argue that spreading depression propagation can
teach us how the brain works, in the sense of linking electrochemical dynamical
patterns to perceptual correlates. Furthermore, we will argue that wave propaga-
tion can be explained by the vortex effect.

The spreading depression wave is an emergent property of central gray matter
and its existence is demonstrated in all parts of it, from spinal chord to neocor-
tex, for reviews, see [2] [3] [4] [5]. The phenomenon was discovered in 1940 by
Aristides Ledo, who grasped the implication of his discovery in the understand-
ing of the physiopathology of functional syndromes of the CNS. Lashley, in the
same year, predicted such a wave, calculated its propagation velocity and made
the same inference about its importance that Ledo did. The tittle of his paper
says: “Patterns of cerebral integration indicated by the scotomas of migraine”
[6]. Therefore, in 1940 it was clear that waves propagated in gray matter and that
they had perceptual correlates in the form of distorted perception.

The scotomas of occipital migraines present themselves as bright bars that travel
in the visual field followed by a dark spot that grows. The bright part is the front,
with a dire price in energy expenditure. For example, there is dissipation of
energy in the form of heat and infrared photons liberation [3] [5] [7]. The dark
patch is the tissue in absolute refractory state. Like the retinal spreading depres-
sion, the action potential is also an excitation wave, has excited and refractory
states and expends energy [7] [8] [9]. Both have macroscopic spatial scales and
the difference in temporal scale is irrelevant in the context discussed here.

In this text we will argue that magnetic flow within the brain explains not only
spreading depression waves propagation. They could be the key to understand

perception.

2. Methods

In order to conclude the key role of the magnetic flow in spreading depression
waves propagation, we examined decades of diversified data, such as image
processing of intrinsic optical signals [Note 1] (IOS) and extrinsic fluorescence
dyes Ca, voltage and pH sensitive. As well as time series displaying the ion activ-
ity in the extracellular space of the neuropil (inner plexiform layer) in isolated
retinas and compared the same type of results from cerebellum and cortices. Fi-
nally, we realized that if the conjecture about the influence of the geometry of
the glial network was correct, then, the vortex effect would be seen at the
frontwave of spreading depressions in the rat hippocampus in the form of split
frequencies typical of Von Karmann street effects [Note 2]. A previous study
that examined the ECoG of rat hippocampi and recorded with sampling rates of

700 Hz was examined and the split frequencies (up to 250 Hz) observed during
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the energy expenditure typical of spreading depressions wavefronts [10].

3. Experimental Results

3.1. Mass and Charge Flows Associated with Spreading
Depression Waves

The experimental results discussed here (most of it) concern data from two
models: the isolated chick retina and the in situ rat hippocampus. In the verte-
brate retina, the Intrinsic Optical Signal (I0S) associated with retinal spreading
depression waves (RSDs) is macroscopic [Note 1], making this preparation
unique for the observation of its propagation. The most probable patterns are
solitary circular waves and logarithm spirals. Circular spirals were rarely seen
and stay mostly in place with a little jitter, whereas the logarithm spirals wander
around the retina creating another level of abstract patterns (see [11]). Circular,
two dimensional propagation can be taken mathematically as a special case of a
dynamic spiral pattern propagation.

Figure 1 and Figure 2 show the birth and propagation of a solitary circular
retinal wave. At the inset the figure shows two time series that were recorded
simultaneously with the video in the Picture In Picture (PIP) mode. One series
records the extracellular potential at the electrode tip, the second the mean
bright brightness of a square pixel matrix with 50 um side length overlaying the
electrode tip. This time series shows the optical changes or the Intrinsic Optical
Signal (I0S). Note that the field potential leads the IOS in this wave (shown in
Figure 2). This pattern is frequent; however, also frequent is the simultaneous
rise of both signals.

Ten seconds later the wave is a large circle of optical changes, what one sees is
the loss of retina transparency and consequent increase in light scatter. Figure 2
shows how the extracellular drop of potential (by historical convention in elec-
trophysiology, negativity is up and due to autoscaling of the recording system,
one sees the time series moving in the downward direction) relates to the optical
changes in tissue around the electrode tip. Remembering from the previous fig-
ure, the wave propagates at the rate of 45 um/sec. It exactly at this distance from
the electrode tip that the wave changes the extracellular potential. One second
later that dV/dt will peak (frames 127 - 129). It is at this time that the dIOS/dt
catches up and also peaks.

Figure 1 and Figure 2 show a circle of increase in light scatter; however, the
IOS associated with membrane excitation have light scatter and birefringence
variations [9] [12] tightly coupled to ionic activity changes.

The temporal evolution of ionic activity associated with wave propagationre-
sult in time series in most experiments. The following relationship exists among
them: the peak of the dV/dt = d[k]/dt = d[Na]/dt whereas d[Ca]/dt begins at the
peak of dV/dt (see for example [3] [4] [5] [12] [13]).

The calcium activity variation is tightly coupled to a component of the pH
changes. This component happens at the frontwave and has a kinetics of seconds

and thus cannot be associated with metabolism. It must be something else. Our
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interpretation is that protons and hydronium ions “disappearance” is the result
of dissociated water becoming liquid water. Therefore, the pH shift at the front
wave, or at least the major part of it.

The dissociated water makes the Exclusion Zone (EZ) at membranes; this
state of water is denser than the liquid and has birefringence [14]. Both calcium
activity and pH changes were recorded in RSDs as changes in fluorescence im-
ages [2] [4] [5] [12]. The novelty here was that wave patches of tissue could lack
the ionic change response maintaining the light scatter at 545 nm. A second slow
pH change associated with RSDs is metabolic-production and secretion of lactic
acid by microglia, the kinetics follow the second optical component of the opti-
cal profile of RSDs [2] [5] the time scale is minutes. In summary: the ionic activ-
ity changes in the frontwave are all compatible with the proposed charged gel

(EZ) changes and that includes the early alkalinization that lacks explanation in

the HH membrane model of same data.

Figure 1. E1 is the stimulating electrode, a glass pipette filled with NaCL. It is positioned
very close to the vitreal surface but does not touch it. Rectangular voltage pulses stimulate
the tissue and create sharp pulse transients in the PIP time series display. E2 is the re-
cording electrode. It is also a glass pipette filled with KCl solution the electrode tip is in-
serted in the inner plexiform layer within the extracellular matrix of the tissue. The typi-
cal pipettes tips were 20 - 50 pm diameter for both stimulating and recording electrodes.
The montage of frames shows the first second of a record. In each row 100 msec in time
separates the frames, between columns, 300 msec is the time interval. The inset picture in
picture (PIP), shows the two time series recorded simultaneously: above is the extracellu-
lar potential labeled V (arrow) in the first frame and below the time series shows the mi-
croscale IOS. It shows the average brightness of square pixel matrix about 50 x 50 pm
area. The area is above and the closest possible to the recording electrode tip. Note the
electrical stimulus artifact in the extracellular potential recording.
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Figure 2. Same experiment showed in the previous figure, 10 seconds propagation later when the circular wave invades the re-
cording electrode sampling space. The time between frames in the same row is 200 msec and 600 msec between columns. The
montage shows the recorded time series, extracellular potential [V in previous figure] and the IOS as in the previous figure at their
maximum rate of change. Valid for the extracellular potential and optical changes variables due to their tight coupling. First row,
the near surface stimulating electrode [E1 of previous figure] is to right of the viewer. The inserted recording electrode [E2] on the
left. The third frame of the first row, shows the frame when the recording electrode sensed the electromagnetic field of the propa-
gating wave (arrow). Note that the extracellular field potential precedes any changes in the IOS time series. At frame numbered
119 the time series labelled V starts to move with no change in the time series labelled I0S. This displayed pattern is frequent.
Second row, the wave is close to the tip of the recording electrode. At the second frame the two time series coincide in the display,
frame 125. The extracellular voltage drop and the optical changes therefore coincide and grow together. Third and Fourth rows,
the recording electrode tip is behind the propagating front. The two variables [V and IOS] keep growing together. Due to
autoscaling of the display program, the single trace fills the display. The extracellular potential drop is upright because of
convention in electrophysiological recordings. Waves recorded in similar experimental contexts, had the peak of potential drop
and optical changes 6 - 8 seconds after the initial growth (see [22]). The figure shows the two variables reaching the maximum rate
of change. In similar waves, the mean for this maximum is set at 1.8 - 2 seconds after the initial change [22]. The propagation ve-
locity calculated for this wave was 2.7 mm/min, close to the 3 mm/min gran mean across thousands of experiments from several
laboratories for temperatures 29 to 32 C.

The kinetics of potassium activity and potential drop are tightly coupled in
spreading depression waves; to the point that many researchers attributed en-
tirely to potassium channels activity the potential drop (see for example [13]).
Not only that, the potential and ion activity changes have the same signal at both
sides of the macroglial membranes. The same is true for the early pH shift, the
same alkalinization happens at both sides of glial cells membranes.

The latter variables early pH and potassium activity variables are also tightly
coupled to the optical properties changes in chick retinas. In chick retinas in
particular a structural feature is of importance: about 2/3 of the length of the

Miiller cells are divided in fine tubes [5] these tubes have no organelles like mi-
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tochondria but are filled with intermediate filaments made of GFAP (Glial Fi-
brillary Acidic Protein) see also [14]. The telltale part is the acidic mention. In
here we assume that around the stack of the acid fibrils, water dissociates and
creates and EZ (exclusion zone) [15]. Among the properties of EZs is birefrin-
gence. At the quiescence/excited state transition this EZ relaxes and in conse-
quence, the Miiller cells lose their lightguide role transiently due to birefringence
loss [12] [16] [17] and light scatter increases creating the optical changes or IOS.

In other words, the frontwave releases energy. It does so in several forms of
flows, in which water flows are an important part both liquid and dissociated
water (for example hydronium ions), free cations and semi mobile anions (radi-
cals in membrane carbohydrates and proteins). The macroscopic circular cur-
rent that arises at the transition to propagating wave releases red/near infrared
light besides heat [8] and when propagation begins green light scatter appears
(505 - 540 nm) [5] [12]. We observed this transition many times with voltage
sensitive dyes and looking at the Intrinsic Optical Signal (I0S) with infrared and
black/white cameras associated with optical filters (see Fig. 9 to Fig. 11 of [5]).
We discovered that the red/near infrared scatter followed the potential distribu-
tion, therefore a circular linear pattern implies a circular current. When waves
were elicited by a light mechanical touch, standing patterns of IOS emerged
around the stimulated area and preceded the circular current (see Fig. 17 and
Fig. 19 of [2]).

The purpose of Figure 3 and Figure 4 is to show how the transition can be

followed by observing the tissue IOS.

ai-ai-88

Figure 3. Mechanical stimulation left and circular wave right. Left frame, the frame shows the moment when a tungsten needle
(50 pum tip) touches the retinal surface. The eyecup was cut at the equator and glued to a dish. A videocamera records from above.
The large structure in the lower right is the pecten, its foot is continuous with the sclera. The length of the pecten foot shown in
the frame is 1.8 mm. The pecten consists of blood vessels covered by pigmented epithelium and thus assumed to transport nu-
trients for this avascular retina. The stimulus is at central retina in a flat region of the chick retina. Right frame 3 seconds later a
perfect circular wave is propagating around the stimulation point. Its diameter is 300 pm. Solitary circular waves like this one are
the most probable outcome after stimulation. They will invade the whole of the retina without changing the uniform velocity of
spread or the brightness of the IOS even after drastic structural changes in the tissue: in front of the pecten is the optical papilla,
the exit of the optical nerve fibres. It is a semi-circular area extending from the tip of the pecten to 250 pm in front of it. At this
point the tissue consists of only macroglia (Miiller cells) and myelinated axons. This change does not affect propagation velocity of
retinal waves or its brightness. Therefore, that macroglia dominates the IOS is a foregone conclusion.
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Figure 3 (left frame) shows a mechanical stimulation of central retina using
a tungsten needle (50 pum). Pressing a charged (piezoelectric) gel will move
charges, therefore, mechanical and electrical stimulation are very similar. The
mechanical one has an exact point of stimulation, showed in Figure 3. Close to
three seconds later, a full blow, perfectly circular propagating wave is present
around the stimulation point. The diameter of this wave is 300 um. Figure 4(a)
to Figure 4(f) follow the transition. In the stimulated region a standing dynam-
ical pattern arises hundreds of milliseconds after the touch. The light scatter as-
sociated with it contains only red/near-infrared wavelengths. The dynamic cha-
racter of the spatial pattern conveyed in shimmering bright points inside it and
in lower frequency space/time oscillations of brightness of the whole pattern.
When a circle closes, Figure 4(d), the IOS includes the blue/green part of the
light scatter appears (peak at 545 nm) and propagation begins, Figure 4(e). Be-
cause the red/near-infrared part of the IOS matches the field potential distribu-
tion, one can see that a circular current closes and initiates propagation. What
was lacking was the semblance of the magnetic field associated with the circular
current. To realize that a magnetic torus guided water and ions flow, we had first
to make experiments with liquid deuterium [18] [19] and interpret these results
in the light of the energy release at the wavefront. Second, we looked for experi-
mental models that studied water release of energy in the form of electromag-
netic flows, heat and mechanical flow of water. This model exists and is the sub-
ject of study of Elmar C. Fuchs and cols. [20] [Note 3].

(d) (e) ()

Figure 4. Transition from quiescence to excitation wave seen as changes in the I0S
around the stimulated area (previous figure). (a) to (e) have a time interval of 200 msec,
frame (f) is the same frame (f) is the same frame shown in the previous Figure 3. The
frames adjusted for contrast with Image J software and the display of the 8 bits gray levels
is in false colors. (a) to (c) show the standing pattern that precedes propagation. The IOS
has only red/near-infrared wavelengths, at (d) a narrow circle closes and at this point,
short wavelength components are present. The circle follows the potential distribution or
the electrical field, hence a circular current induced; (e) propagation beguis. The illumi-
nation in the experiment made with a lamp with a flat emission spectrum between 400 -
600 nm.
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First let us examine the liquid deuterium results. We applied liquid deuterium
as the solvent in both isolated retinas and Belouzov-Zabotinsky reaction system.
As was the case with similar comparative experiments [21] the response of both
systems was very similar, both responded with collapse of excitability in a short
time (2 hours). The pH of liquid water at 25 degrees Celsius is 7.0, the liquid
deuterium pH is 7.4 or deuterium dissociation is five times smaller than that of
liquid water dissociation. In our interpretation of the transition from quiescence
to propagating wave, these results were not surprising as we first though, but the
expected effect of the solvent physical properties changes. It should be noted that
the classical HH membrane model does not either predict or explain the solvent
deuterium effects, by contrast, Ichiji Tasaki model does [9].

Second, if we examine the flows in a water bridge, at the center, hydronium
and hydroxyl ions run toward the cathode and anode electrodes, however twist-
ing around the central current there is mass flow of liquid water and added par-
ticles configuring a torus [20]. In water bridges and CNS wavefronts, these
charge and mass flows are coupled.

In summary, mechanical stimuli induce a dynamic standing pattern in which
fluctuations in release of energy are amplified until a circular current form
within the tissue, this current follows the electrical field. In parallel, a magnetic
flow guides mass water and particles flow in the shape of a torus. This magnetic
torus we propose as a key factor in spreading depression wave propagation.

We also reasoned that time series associated spatial propagation patterns in
other parts of the CNS, had to be compatible with such patterns if our conjecture
was correct, (see [22]). It was fortunate that in one study of propagation of
spreading depression and after discharges, the sampling rate was 700 Hz, very
unusual in ECoG recordings [10]. The geometry of the macroglial network in rat
hippocampus is cylindrical and that is important. Here we assume that our in-
terpretation about the role of the geometry of the macroglial network in the
shape of spreading depression waves is correct [22]. Cylindrical geometry (think
of windsocks in small airports) implies Von Karmann Street vortices, they in
turn assumed to optimize the energy expenditure within the cylinder. If one
measures this pattern in several points in the form of time series, then a split in
frequencies should be present. Reexamining the data from the ECoG study [10]
at the transition from after discharge to spreading depression, we found the pat-
tern compatible with the expected frequency split of cylindrical geometry vor-
tices. Our conjectures stand.

A further validation can look at vortices presence in excitable tissue and other
electrochemical systems such as the B-Z system. Yes, vortices were found in
heart tissue and B-Z [23] [24]. Besides these results, another set of experiments
suggests vortex effects, non-stationary pathways in B-Z [25] and in isolated reti-
nas [26]. In retinas, the sudden (step) change in potassium activity in the main-
tenance solutions from 6 to lor 0 mEq/l, produces a hyper excitable pathway

with a succession of spreading depression waves that terminate in tissue death in
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about 30 minutes. These waves have altered IOSs. Last, but not least, the altera-
tion of the isolated retinal solution by addition of the liquid glycerol adds viscos-
ity and polarity to the retinal bath solution. The spread velocity, field potential
and the IOS observed in the presence of glycerol differed from controls. The
red/near infrared light scatter was present whereas the green component was
depressed, the spread velocity was slower and voltage record changed kinetics
with a prolonged plateau (see [4] [5] [12]). Once more, the electric equivalent
model and molecular biology do not predict or explain these results. By contrast,

interference with flows do.

3.2. Perceptual and Cognitive Correlates of Spreading
Depression Waves

Lashley [6] used the scotomas (bright columns) march through his visual field to
predict spreading depression waves as we said in the introduction section.
Therefore, the knowledge that the frontwave distorts perception is as old as the
wave discovery. Also it is long known that these wave have cognitive conse-
quences in the form of learning and memory mechanisms blockage (for review
see Bures, J.1974 [27] Sparks and Gallo, M. 2007 [28]); Bures and Buresova, 1963
[29]; Travis, R.P. and Sparks, D.L. 1963 [30]).

These cognitive impairments occur with structural reversible changes in the
gels associated with membranes and energy expenditure in the form of heat and
red/near infrared non-Plank dissipation, mass and charge flow. One question
arises: is this the maximum rate of dissipation possible? Several sets of data
about cortical and retinal waves appear to support that, indeed, this is the case.
In the first 10 - 12 seconds of a wave one cannot distinguish between a reversible
excitation wave and a non-reversible pathway to tissue death; see, for example
[31]; later on, the pattern of spread and the irreversible character of an excito-
toxic response makes them clearly distinct. The initial state of several pathways
appears the same and thus, vortex effects will explain them all: the magnetic flow
guides the mass (carried by liquid water) and charge flows.

Another question emerges: can resonances in the form of eddies of similar flows
or Von Karmann street explain a perceptual phenomenon like the epiphanies?

Epiphanies with visualization of problems solutions exist in science. Famous
are the ones related by August Kekule and the benzene ring and what Roger Pe-
nrose told about visualizing quasi-crystals before chemistry was aware of them
[32]. What characterizes these perceptual states are the strong positive emotion
(elation) and a strong memory trace let for recall, in contrast with the memory
loss associated with the state at the frontwave of spreading depression waves.
Here we speculate that an unusual resonant state could be present in the brain
during the few seconds long insight period. The spatial shape of the resonances
varying in different parts of the brain. The tubular spinal chord and brainstem
candidates for Von Karman Street pattern.

Vortex effects appear to be the nature way of maximizing energy expenditure;
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their expression present in weather phenomena like tropical storms and hurri-
canes. Storms can stay put or drift slowly, whereas hurricanes do travel, albeit
with different velocities depending on many factors, among which the tempera-
ture gradient. The same mechanisms for energy expenditure are present in both
phenomena. In the cylindrical rat hipocampus, we found the predicted frequen-
cies split at the frontwaves of spreading depressions [10] [33], either this is a

happy coincidence or vortex effects are indeed present in the brain.

4. Conclusions

Eighty years ago, Lashley and Ledo inferred and discovered the spreading de-
pression wave, a cortical excitation/inhibition that propagates at mm/min rate.
What key factor rules spreading depression propagation remained an unsolved
problem.

The visualization of the potential distribution at the quiescence/propagation
transition in isolated retinas, led to a deduced circular current around the pali-
sade formed by the glial network. We propose a torus of magnetic flow coupled
to the circular current. This torus guides mass and charge transfer 7e water and
ions flows from excited to quiescent tissue recruiting new elements of mem-
branes in the frontwave. At the back, the inverted flow is an important part of
the absolute inhibition phase of the temporal evolution of tissue states: quies-
cent, excited, inhibited absolute, inhibited relative, quiescent.

A conjecture is only as good as its integrative power in explaining phenomena
believed to be apart. Another aspect is its usefulness and this one can add new
aspects to image interpretation in neurology and it will provide help in the in-

terpretation of non-invasive magnetic brain stimulation effects.
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Notes

1) The IOS in the vertebrate retina is more than 90% of glial membrane activ-
ity; in the Gallus gender it is 98% or more. First, it is a vascular and there is no
influence of blood vessels in the IOS. Besides the palisade architecture common
to all vertebrate Miiller cells, in the chick the cell body is divided in fine tubes (8
- 14) filled with closed apposed strands of Glial Fibrillary Acidic Protein (GFAP)
in the inner retina (inner plexiform layer, ganglion cell layer and inner limiting
membrane) each tube terminated with one end feet [5]. There are no organelles
inside these tubes like mitochondria. At the external leaflet, the glial membrane
has the EZ of the glycocalix, and at the internal leaflet, the EZ around the GFAP
filaments; this EZ fills completely the filaments. Optically, the EZ behaviour is
that of a quasi-liquid crystal with birefringence. [10] [12] and physiologically,
each tube acts as light guide, the shape of the end feet acts as lens and the EZ a
light channel. The current of an approaching wave will flow in the extracellular
space above the end feet and around the cell bodies of the glia. The depolariza-
tion of the membrane relaxes the EZs at both sides and the cells loose transpar-
ency, increasing light scatter concomitant with loss of birefringence. Note that
although tightly coupled, the two macroscopic variables are not causally related.

2) For the reader outside biology, a very good analogy of the rat hippocampus
is a cashew nut. The head is the dorsal hippocampus and the smaller tail the
ventral one. Each mammal has two hippocampi, in the rat the two dorsal heads
are close and get apart so that the ventral end is well separated in the rat brain. If
one cut the cashew in the frontal plane, what is seen is again two cylinders im-
bricated one called CA1/CA3 regions and the other Fascia Dentata. No wonder,
therefore, that the cylindrical topology dominates the propagation pattern of
seizures and spreading depressions. In the hippocampus as well as in the neo-
cortex, the following rule of thumb applies: excitatory input for afar uses acetyl-
choline (Ach) as chemical mediator and the local circuit and association fibres
use glutamate/aspartate and GABA as mediators. The faraway input of the hip-
pocampi is from the septal area and the association input travels in the dorsal
and ventral commissures.

3) Elmar C. Fuchs is the rediscoverer of the water bridge and studied in detail
this dynamic structure both from experimental and theoretical treatment. The
video recordings can be accessed from his homepage: ECFUCHS.com. Infrared
cameras documented the torus flow of micro spheres around the bridge, exactly
what one expected from the Vortex effect in one-dimensional systems. We quote
“The water with Rhodamine B rapidly moved through the bridge, curling close
underneath the water surface towards the cathode.” ... “When tracer particles
were added for flow measurements using a laser Doppler anemometer and for
visualization, the floating water bridge revealed a rotating outer layer,” Woiset-
schlager et cols., Experiments in a floating water bridge (2010) experiments in
fluids, 48: 121-131.
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Abstract

Survival at tumor recurrence in soft matter, after chemotherapy, is assessed
by RNA folding. It is shown that this recurrence is starting with development
of a fluidlike globule; it changes the energy of soft matter; it proceeds as a re-
sonant mixing; and at the end it causes diffusion. This diffusion is interpreted
as metastasis in soft matter. A tumor memory is designed for its recurrence
oscillations. These oscillations are marked as positive or negative according to
their influence on life stabilization or destabilization. It is demonstrated that a
tumor memorizes two types of recurrences. The intensity of chemotherapy in
soft matter for a tumor with such memory is obtained. Survival at tumor re-
currence in soft matter, after chemotherapy, is assigned to one of the five re-
gions of the phase diagram of the “thermalized” tumor by microenvironment.
To each of these regions is collated a breast cancer survival class. It is found
that the survival at tumor recurrence in soft matter, after chemotherapy, well
represents actual survival of 32 patients with breast cancer.

Keywords

Survival, Tumor Recurrence, Life Stabilization, Chemotherapy, Soft Matter

1. Introduction

Macromolecules are influenced by different long-distance fields of nature, such
as gravity and electromagnetism, in addition to the intrinsic vibratory states of
macromolecules that locally generate coherent excitations in the cell [1] [2] [3].
DNA and protein folding, in a biological evolutionary context, may be guided
[2] by a set of discrete electromagnetic frequency bands that either promote or
inhibit carcinogenesis. Therefore, the tumor recurrence, after chemotherapy, can
be considered as evolution of gravitating quantum matter and represents tumor
recurrence in soft matter. This is system’s oncology consideration [4] [5] of tu-

mor recurrence, after chemotherapy.
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Survival at tumor recurrence, in soft matter, for the above embedding of DNA
and proteins in integral cellular context, after tumor chemotherapy, is investi-
gated in this paper. That’s why the tumor recurrence in soft matter will be stu-
died using the transition [6] from unfolded state into a folded state of the human
telomerase RNA pseudoknot upon a jump in the ion concentration (ion-jump)
and temperature-quench. In addition, chemotherapy is defined as a probability

of success, transferred chemical energy and restoration time.

2. Folding State

Folding state of human telomerase is [6] like a low-energy fluidlike globule. Let
the folding state is a fluidlike globule, which is a protein aggregation with fission.

The process [7] of protein aggregation with fission is with Weibull-type limit-
ing distribution. Then the probability of such a protein cluster p, is found from
the probability of chemotherapy success p; according to graphic by Jo et al [7],
when the Weibull-type distribution modules, defining this probability, are equal.
The probability for a fluidlike globule occurrence is the probability for occurrence
of such a protein cluster p,.

Let O.r is the difference of the protein cluster probability p, and the chemo-
therapy success probability p, J,, = P, — P, . The time to reach the folding state,
which is a fluidlike globule at tumor recurrence, 7 is obtained for the difference
Jer, considered as open system quasiprobability [8] of single qubit in quantum
non-demolition noise. Time 7. is obtained from the graphic in Thapliyal et al
[8] of the quasiprobability distribution that is a shifted P-function for a temper-
ature, equals to one. Here the P-function is shifted so that its value to be zero in

the initial moment.

3. Folding Kinetics

The human telomerase reaches [6] a folded state through a small number of
connected clusters that are repeatedly visited during a pulse sequence in which
the folding or unfolding is interrupted. These clusters are hidden states of RNA
folding kinetics [6]. This folding kinetics is [6] with two sparsely kinetically
connected channels that carry the flux to the folded state. Let the conformation
of this two sparsely kinetically connected channels is the knot “Figure-Eight”.
Then the tumor recurrence in soft matter is characterized by the actual ampli-
tude, connected [9] to Jones polynomial for the knot “Figure-Eight”. This actual
amplitude is found for the difference of the phase shift § after the chemothera-
py, of the state in soft matter and the phase shift /4 of the maximally coherent
state, according to the graphic from Schulte-Herbriiggen et al [9]. Here the
phase shift @is obtained [10] from the restoration time ,,

0 =arccos(vf), v, =20/7, . (1)

In Equation (1) v;is the recovery speed at chemotherapy in soft matter.

Time for RNA folding upon ion-jump 7;, is obtained from the graphic by
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Biyun et al [6] for a square root from the above mentioned actual amplitude,
taken with a negative sign. Here is assumed that a square root from the above
mentioned actual amplitude, taken with a negative sign, gives the fraction of
molecules that remain folded upon ion-jump.

Similarly, the time for RNA folding at a temperature-quench 7, is found
from the graphic by Biyun et al [6] for a square root from the above mentioned
actual amplitude, with a negative sign. Here again is assumed that a square root
from the above mentioned actual amplitude, taken with a negative sign, gives the
fraction of molecules that remain folded at temperature-quench.

Let J; is the time difference for RNA folding at temperature-quench 7,
and the time for RNA folding upon ion-jump 7;,, &; =7, —7;,. This differ-
ence is positive because the rate of human telomerase compaction is [6] greater
when folding is initiated by ion-jump than by temperature-quench. Then, simi-
larly to the uncertainty principle, the minimal energy change at tumor recur-
rence in soft matter as a quantum-classic transition JF and the time difference
O; can be linked like that

SE =1/(2n5, ). )

4. Resonant Mixing

Periodically interrupted RNA folding, upon ion-jump and temperature quench,
can be considered as a resonance of a relay relaxation oscillator [11], under pe-
riodic external forcing due to the presence of stretching and folding action. Here
the relay relaxation oscillator consists of relay hysteresis and an integral feed-
back, where the periodic external forcing is at the input of the integrator.

Let the normalized autonomous period of the considered oscillator ¢ is equal
to the time for quantum-classical transition of the tumor recurrence z,, 0 =7,,.
Here the normalized autonomous period o is the ratio of the natural half-period
of the relay relaxation oscillator and the half-period of the periodic external
forcing T.

Let ¢is the amplitude of the periodic external forcing, and @ is the phase at
the first switching. Then [11], if {2 + (8 - 1)2/(8 + 1) <o<2+ (5 - 1)2/2} the
oscillator is entrapped at the primary harmonic with a period 2T when & is in
the interval [0,1 -2(o- 2)/(8 - I)ZJ or in the interval [(o- - 2)/(5 - 1),1} .
Here the “oscillator is entrapped” in sense that its initial phase lies in the domain
of attraction of the resonance state. This oscillator is [11] in a resonant mixed
mode.

Then RNA folding, upon ion-jump and temperature quench, is entrapped by
the primary harmonic with a period 27, 7'= 10, if o fulfils the above o-condition
and if the phase shifting 6 of the state in soft matter, after chemotherapy, is the
phase at the first switching (1—2(0'—2)/(51 —1)2) or ((¢-2)/(&,-1)). In

this case, the amplitude of the tumor recurrence is ¢,

& =1+(2(c-2)/(1-6))", &, =1+(c-2)/0. (3)
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5. Tumor Recurrence Metastasis

Tumor metastasis is triggering the tumor recurrence in soft matter through re-
sonant mixing for RNA folding upon ion-jump and temperature quench. Let the
tumor recurrence is evolution of gravitating quantum matter, proceeding as
nonlinear evolution of weakly perturbed anti-de Sitter space. Then [12] the tu-
mor metastasis in soft matter can be observed as the onset of weakly turbulent
instabilization under some arbitrarily small generic perturbations. This metasta-
sis gives rise to [12] diffusion of energy from the low frequencies to high fre-
quencies.

It follows [12] that the tumor recurrence, in soft matter, turns into metastasis
in the very moment, when the onset of instabilization is observed. That’s why
the tumor recurrence in soft matter turns into metastasis in the moment 4,
t, =20/& , or in the moment &, t, =20/&? .

6. Oscillations at Tumor Recurrence

Let tumor recurrence in soft matter is a quantum-classic transition with an ini-
tial state that is a highly quantum state. Then [13] the gravitating quantum mat-
ter in such an initial state tends to “decohere” towards the energy eigenstate with
the highest energy. This tumor recurrence, in soft matter, grows into tumor me-
tastasis in soft matter from §5.

Then the probability pi, the state of the gravitating quantum matter in the

moment t_ ., notto be the same as its initial state, is [13]

n,1>
p, =cos’ Osin® (@, t,, ). @, =(27/10)a,,

n,cn,l

(4)
o, =(E+0E)sin6, t,, =10t /(2m).

Probability p,, the state of the gravitating quantum matter in moment t,, to

be the same as its initial state, is [13]

p, =1-cos’ Osin® (@, t,, ), @, =(27/10)a,,

n,cn,2

©)
o, =(E+0E)sind, t,, =10t, /(2m).

In Equation (4) and Equation (5) @ is a phase shift from (1), £ is the trans-
ferred chemical energy during chemotherapy in soft matter and JF is the mi-
nimal energy change at the tumor recurrence in soft matter from Equation (2).
Here w. is the angular frequency of the oscillations of the probabilities from Eq-
uation (4) and Equation (5). This angular frequency is normalized so that the

frequency f foc =5, /(27t), to be equal to photo reduction with “10” an-

n,c?

gular frequency w, f, . =w,/10 . Simultaneously are normalized times 4 and &,

n

so that the probabilities py and p; not to be changed. New times t,, and t ,
are with the size of the recovery time 7,

7. Marker of Life Stabilization

Viability of life systems is affected [1] [2] by electromagnetic frequencies of tis-

sues, cells and biomolecules, in the range from one-tenth of Hertz till Peta Hertz.
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Stabilizing (beneficial) and destabilizing (detrimental) frequencies show re-
peated patterns of twelve bands and are positioned on two 12-number scales.
These two scales, correspondingly, are a coherent scale for electromagnetic fre-
quencies in Hertz (256.00, 269.70, 288.00, 303.41, 324.00, 341.33, 362.04, 384.00,
404.54, 432.00, 455.12, 486.00) [Hz] and non-coherent scale for electromagnetic
frequencies in Hertz (249.41, 262.75, 278.71, 295.60, 313.51, 332.47, 351.54,
372.88, 394.12, 418.06, 443.41, 470.28) [Hz]. These scales and their self-similar
extensions form octave hierarchies (Geesink and Meijer, 2018).

The above coherent scale for electromagnetic frequencies can be coarse
grained to the following color scale: 1) blue-green (269.70, 288.00, 303.41) [Hz];
2) green-yellow (455.12, 486.00, 256.00) [Hz]; 3) red (384.00, 404.54, 432.00)
[Hz]; 4) violet (324.00, 341.33, 362.04) [Hz]. These four coarse grained colors
approximately correspond to the colors of CdSe quantum dots [14] for diagnos-
tics of cancer.

Life stabilization marker at tumor recurrence in soft matter m; is defined by
the frequency f,, f, =10°f ., from the interval diagram of beneficial and de-
trimental frequencies by Meijer and Geesink [2]. Here f is the frequency
from §6. Marker values of m; are:

1) Positive, when the frequency f, is the frequency, beneficial for life. This
marker value is denoted by (+);

2) Negative, when the frequency f, is the frequency, detrimental for life.
This marker value is denoted by (-);

3) Undefined, when the frequency f, is out of intervals of the beneficial and
detrimental frequencies.

In correspondence with two octave hierarchies, the transition time from me-
tastasis tumor state into protein aggregation state t,; and the time for remain-

ing into the state of metastasis tumor t,, , are measured in weeks.

8. Minimal Memory for Tumor Recurrence

Let the tumor recurrence in soft matter is near-random stochastic process that
governs one-dimensional quantum Ising condensates chain. Each of these con-
densates plays the role of quantum spin. Here one-dimensional quantum Ising
chain is a system of interacting quantum spins subject to the influence of a
magnetic field. To this stochastic process corresponds [15] classical e-machine
with two causal states s and s and transition probabilities between them T} 4 j
=0, 1. Here T} is transition probability for the classical e&-machine of the process
in state s; to output (—1)j and transition to s

This stochastic process possesses [15] an optimal quantum model with two

pure states and maximal fidelity F,

F* = (TOOTIO )1/2 + (TOITll )

12

(6)
Two pure states of this quantum model are in one-to-one correspondence

with classical causal states. Here the optimal quantum model is optimal over all

quantum models.
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This optimal quantum model is with a minimal memory, required for tumor
recurrence modeling in soft matter. Because this model is quantum, it requires
less memory than classical e-machines.

Let the two casual states of the classical &-machine of tumor recurrence in soft
matter are:

1) Casual state s of metastasis that is a state of protein aggregation at tumor
recurrence;

2) Casual state s; that is a metastasis tumor state at recurrence tumor.

Let this classical e-machine is with the following transition probabilities:

1) The probability of transition from the metastasis tumor state into a state of
protein aggregation 7}, is the probability p1, Ty, (s, —>S,) =Py

2) The probability for remaining in a metastasis tumor state 73, is the proba-
bility p», T, (s, —S;)= P,;

3) The probability for transition from protein aggregation state into metastasis
tumor state 7, is the probability of chemotherapy failure, T, (s, —>s,)=1-p;;

4) The probability for staying in a protein aggregation state Ty is the proba-
bility for chemotherapy success, T, (S, =S, )= P;-

Then maximal fidelity of the tumor recurrence in soft matter is:

Fo=(pp) +((1-p.)p.) " 7)

At such tumor recurrence, the transition from a metastasis tumor state into
protein aggregation state takes time t , with a probability pi, and staying in a

metastasis tumor state is for time t,, with probability p,.

9. Types of Recurrence Development

Let metastasis is triggered by magnetic field of the upper quantum Ising chain,
and protein aggregation is characterized by spin-spin correlations of the upper
quantum Ising chain with a coupling parameter, equals to one. Then the recur-
rence development time is:

1) Tumor recurrence, where the metastasis is much weaker than protein ag-
gregation;

2) Tumor recurrence, where the metastasis dominates over protein aggrega-
tion.

Statistical complexity of the tumor recurrence, where the metastasis is much
weaker than the protein aggregation, is obtained by the graphic [16] for the sta-
tistical complexity of a quantum Ising chain with a system magnitude, equals to
9, as a ratio function of the magnetic field strength and the coupling parameter.
Statistical complexity of this type recurrence is C,, when this ratio is equal to
maximal fidelity 7* from Equation (7).

The fidelity F; of recurrence, where the metastasis dominates over protein ag-
gregation, is found from the graphic [16] for the statistical complexity of a
quantum Ising chain as a function of the ratio of magnetic field strength and the

coupling parameter, for statistical complexity C,.
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10. Chemotherapy in Soft Matter

Let the chemotherapy protocol, at tumor recurrence in soft matter, is [17] that
changes global properties of the tumor state by flipping a local switch. Here the
switching of the local switch is a switching between RNA folding and RNA un-
folding. Then the chemotherapy at tumor recurrence in soft matter can be de-
termined as non-equilibrium time evolution after quench in quantum XY fer-
mionic chain. This chemotherapy acts as staggered magnetization.

The intensity of this chemotherapy, at a transition from the metastasis tumor
state into protein aggregation state K, is found from the graphic [17], as a
staggered magnetization B,/10 for a time t,, /10.

The intensity of this chemotherapy, while remaining at a state of the metasta-
sis tumor K, , is found from the graphic by Fagotti [17] as staggered magneti-
zation B,/10 for a time t,,/10.

When times t,; and t,, areless than 18 weeks, the intensity of this chemothe-
rapy is found from the graphic by Fagotti [17] for times (tn’1 + 21) and (tn)2 +2 1) ,

correspondingly.

11. Survival at Tumor Recurrence

Survival at tumor recurrence in soft matter after chemotherapy is determined
after interacting of the quantum model with a minimal complexity from $8 with
tumor microenvironment. Let the tumor microenvironment “thermalizes” [18]
this quantum model. Then survival at tumor recurrence in soft matter can be
found from a ground-state phase diagram [18] of the one-dimensional axial
next-nearest-neighbor Ising model in a transverse field with a system size, equals
to 16. Let this system is with a transverse magnetic field B, ferromagnetic near-
est-neighbor Ising coupling /; and antiferromagnetic next-nearest-neighbor in-
teraction /. As well, it is assumed [18], that /; = 1 as the unit of energy.

Phase diagram [18] of this system is with a form of a fan with five sections.
Each of these sections is a phase region, determined by the transverse magnetic
field strength and antiferromagnetic next-nearest-neighbor interaction. These
regions are:

1) Ferromagnetic phase (F));

2) Modulated phase (2);

3) Modulated phase (2);

4) Floating phase (P);

5) <2, 2> antiphase.

Here phase regions are numerated from left to right.

Let strength of a transverse magnetic field of this system is equal to maximum
fidelity #* from Equation (7), for tumor recurrence, where the metastasis is
much weaker than the protein aggregation. Then, depending on the chemothe-

rapy intensity, antiferromagnetic next-nearest-neighbor interaction is:

3, =10k, [F*, J,, =10k, [F". (8)
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Let the strength of the transverse magnetic field of this system is equal to fi-
delity F, for tumor recurrence, where the metastasis dominates over the protein
aggregation. Then, depending on chemotherapy intensity, antiferromagnetic
next-nearest-neighbor interaction is:

J,, =10k, /F,, 3,, =10k, /F; . 9)

Survival after tumor recurrence is determined according to:

1) Recurrence, where the metastasis is much weaker than protein aggregation.
Then the survival region is determined by phase diagram [18], at a system size,
equals to 16, for:

a) Transverse magnetic field strength F and antiferromagnetic next-nearest-
neighbor interaction J,, at a life stabilization marker m, = {(+), undeﬁned} ;

b) Transverse magnetic field strength 7 and antiferromagnetic next-nearest-
neighbor interaction J,, , at a life stabilization marker m, = {(—),undeﬁned} .

2) Recurrence development, where the metastasis dominates over protein ag-
gregation. Then the survival region is found by the phase diagram [18], at sys-
tem size, equals to 16, for:

a) Transverse magnetic field strength F;and antiferromagnetic next-nearest-
neighbor interaction J,;, at life stabilization marker m, = {(+),undefined|;

b) Transverse magnetic field strength F; and antiferromagnetic next-nearest-

neighbor interaction J, , , at life stabilization marker m, ={(—),undefined}.

12. Breast Tumor Survival

Survival for breast cancer patients is found in one of the following five classes:

1) Less than 36 months;

2) Between 36 and 60 months;

3) Between 60 and 90 months;

4) Between 90 and 126 months;

5) More than 126 months.

Let the survival of breast cancer patients corresponds to the survival at tumor
recurrence in soft matter. Then for the breast cancer patients’ survival can be
concluded from the above phase diagram. This assessment can be found when
the survival class with one number is compared to a region from the phase dia-
gram with the same number. In this case the survival from tumor recurrence in
soft matter is measured in weeks in correspondence with two octave hierarchies
from §7.

Survival for breast cancer patients is assessed by making an assumption for
the recurrence type; the patient’s life stabilization marker is calculated; the che-
motherapy for this type of recurrence is obtained; the survival region is deter-

mined; the patient’s survival is classified in accordance with this region.

13. Results

Database is used for 424 patients with breast cancer, who were under treatment

at the Clinic of Chemotherapy, National Oncology Medical Center, Bulgaria,
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throughout 2003-2014. From them is randomly selected a group of 32 patients
with different TNM staging (T-tumor size, N-lymph node status, M-distant me-
tastasis), histology and imunohistochemic characteristics. For all patients the
proliferation index has been tested. Research for gene expression has not been
done. Their medical history is retrospectively tracked, their current survival is re-
ported (March 2020) and is investigated a correlation with the standard clinical
pathological criteria of risk assessment: TNM staging, histology, tumor differen-
tiation grade, (ER, PR, HER2) receptor status. Patients with soft tissue sarcoma
or other carcinomas aren’t included in the group.

The probability of success, the transferred chemical energy and the restoration
time are obtained from the proliferation index of the particular tumor via che-
motherapy model in soft matter by Trifonova et al [19].

Proliferation index (PI) estimates the expected time for tumour doubling. PI
is assessed by immunohistochemical staining for detecting the proliferating
cell nuclear antigen (PCNA). PCNA is a protein that is involved in DNA rep-
lication processes, which is found in the nucleus and is a cofactor of the DNA
polymerases ¢ and & For PI reference value is accepted its value in a normal
matter of 6%. As well, it is accepted that tumor recurrence, where metastasis is
much weaker than protein aggregation, occurs with a proliferation index less
than 51.01%.

Chemotherapy success, using the chemotherapy model in soft matter by Tri-
fonova et al [19], is not defined for five patients. These cases remain outside the
present studies.

One patient is omitted from the study due to a lack of invasive component in
the tumor at the subsequent revision.

The case studies with large discrepancies between the chosen survival class
and the actual survival are six. In five of them the prognostic survival is assessed
correctly and the discrepancy is due to a lack of disease stage in the model. For
one patient with a moderate risk of recurrence and death the prognostic survival
is overestimated.

Performed research demonstrates that in 25 cases from a total 26 cases (96.2%)
there is a nearly coincidence between the chosen prognostic survival class and the
actual survival, as well a correlation with the standard clinical pathological criteria
of risk assessment.

Life stabilization at recurrence is undefined in two patients with identical dis-
ease stages and proliferation index value PI = 50%. Prognostic survival for these
two patients is assessed correctly in the light of new research on the role of the

tumor stroma for prognostics at triple negative breast cancer.

14. Conclusions
Survival at tumor recurrence in soft matter, after chemotherapy, is obtained in
this paper.

This tumor recurrence is related to RNA folding at ion-jump concentration
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and a temperature-quench. Therefore:

1) The folding state is considered as a cluster of aggregating proteins in cell
division;

2) The conformation of the folding kinetics’ two channels is accepted to be a
knot “Figure-eight”;

3) The folding is described as resonance of a relay relaxation oscillator, sub-
jected to a periodic external influence of extending and folding forcing;

4) Diffusion at this resonance is determined as metastasis.

For tumor recurrence, in soft matter with the above RNA folding is designed a
quantum model, with a minimal complexity:

1) Tumor memory is related to the maximal fidelity of this model;

2) Tumor recurrence oscillations are determined as probabilities’ oscillations
of this model;

3) Life stabilization marker is introduced, through considering the tumor re-
currence oscillations as beneficial or detrimental for life.

From the designed quantum model with a minimal complexity are obtained:

1) Two types of tumor recurrence in soft matter-less widespread and domi-
nant;

2) Chemotherapy intensity that acts as staggered magnetization.

Survival at tumor recurrence in soft matter, after chemotherapy, is determined
by:

1) Type of tumor recurrence;

2) Life stabilization at tumor recurrence;

3) Interaction with the tumor microenvironment;

4) Chemotherapy intensity.

This survival is referred to one of the five regions of the ground-state phase
diagram of “thermalizing”, by the tumor microenvironment, a quantum model
with a minimal complexity. To each of these regions is compared a survival class
of a breast cancer patient.

It is presented that the survival at tumor recurrence in soft matter, after che-
motherapy, provides a good idea of the actual survival of 32 patients with breast

cancer.
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Abstract

With the prevalent conception of self-replication (SR, a hallmark of living
systems) as a non-equilibrium process subject to thermodynamic laws, a
complementary approach derives the low energy quantum states arising from
a Hamiltonian that appears to be specific for bio-systems by its containing
some strongly binding terms. The bindings attract properties of the template
(T) and the reactants to form a replicate (R). The criterion for SR that emerges
from the theory is that second order (bi-linear) interaction terms between
degrees of motion of T-R and the thermal bath dominate negatively over a li-
near self-energy term, and thereby provide a binding between the attributes
of T and R. The formalism (reminiscent of the Kramers-Anderson mechan-
ism for superexchange) is from first principles, but hinges on a drastic simpli-
fication by modelling the T, R and bath variables on interacting qubits and by
congesting the attraction into a single (control) parameter. The development
relies on further simplifying features, such as Random Phase Approximations
and an Effective Hamiltonian formalism. The entropic balance to replication
is considered and found to reside in the far surroundings.

Keywords

Self-Organization, Living Systems, Protein Conformations, Bifurcation,
Curie-Weiss Spin Model

1. Introduction

It is remarkable that the concept and process of self-organization feature in so
many different major disciplines [1]: in Applied Mathematics (Robotics, pio-
neered by von Neumann [2] and also [3]), in Physics (by a thermodynamic
viewpoint, e.g. [4]) in Chemistry (primarily Organic Chemistry, and specifically
Dynamic Combinatorial Chemistry [5] [6] and also in Crystallography) and,
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notably, in Biology (e.g., DNA copying as in meiosis, mitosis or binary fission, in
cell divisions [7] [8] [9]). With a net so widely spread, it cannot be expected to
be doing justice to all the work done heretofore.

While addressing the subject with methods in physics, the inquiry takes us to
Biology, and particularly to a specific phenomenon of self-organization, namely,
self-replication (SR) [6], existing in a large variety of biological entities and rec-
ognized as one of the main marks distinguishing animate from non-animate
matter. (Though, there may be rare instances of SR also in the inorganic world,
but not as a cyclic process [10], or in auto-catalysis but lacking the specificity of
SR [11].) Notably in Biology, SR occurs at enormously differing size scales,
ranging from large animals to tiny biomolecules. Accounts of real life and labor-
atory occurrences of SR can be found in [11] [12], including experiments at
synthesising self-replication by Leslie Orgel, Rebek, von Kiedrowski [13] [14]
[15] and others, as well as template-guided nonenzymatic SR, the latter also
characterizing primordial RNA replication [16]. Past theoretical works, includ-
ing Stuart Kauffman’s set autocatalysis, have been summarized in [17] [18], with
a mathematical framework that addressed in particular the citric acid - >CO and
the formose (formaldehyde - > sugar) reactions.

We have made it our aim to connect up biological SR with Physics and that at
a most basic level. The price that we pay for the temerity of such undertaking is
doing the job in an extreme schematic and simplified fashion, thereby producing
only a preliminary investigation, to be hopefully followed by further more spe-
cific and detailed works.

Remarkably enough, the guiding idea of the present approach (though arrived
at independently by us) had already been given expression in a work remote
from basic Physics, in a review of Dynamic Combinatorial Chemistry (DCC)
dealing with the autonomous formation of receptors, that read: “Addition of a
guest (a template molecule in the terminology of the present study, RE), which
binds strongly (my italics) to one of the libraries (available components, RE) shifts
the equilibrium towards its formation (of a new creature or offspring, RE), re-
sulting in the amplification (renewed formation, RE) of the successful receptor
at the expense of the less successful” [5]. The italicised words “binds strongly”
are the leitmotif of the present work, as will be apparent in the sequel. Even
more supportive is the concluding sentence of the same reference: “We are con-
fident therefore that DCC will engender generations of ingenious concepts and
lead to new, as yet unpredictable theories”. Yet closer to the approach here taken
is the assertion made about 70 years earlier than that: “The living organism
seems to be a macroscopic system which in part of its behaviout approaches to
that purely mechanical (as contrasted with thermodyamic) conduct to which all
systems tend, as the temperature approaches absolute zero ...” ([19], Chapter 6).
It seems that we are at liberty, and not in conflict with the author, to qualify
“mechanical” by quantum mechanical, as will be argued next. Regarding the

quantum mode of the formalism, this is analogous to Kramers’ and P.W. An-
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derson’s mechanism for superexchange [20] [21], with the bath replacing the
bridging anion and exploitation of the randomness of the former. [Note the “at-
tractive coupling” expression (based there on third order perturbation) of An-

derson following his Equation (19) in [21].]

A Quest for a Quantum Description

At the foundation of all forms (situations, states, phenomenologies) and
processes (changes, developments, steady existence) that constitute our daily life
lies Quantum Mechanics (QM), mostly expressed in some or other form of the
Schrodinger equation, erstwhile involving a Hamiltonian and some boundary
initial conditions. In most complex issues where the QM path is not feasible,
Thermodynamics (Td) or Statistical Mechanics comes to the rescue and one
must hope that they (QM and Td) are compatible, as seems to be the case. The
merging of the two, essentially in the direction of QM - >Td, has become a ma-
jor recent objective of research, going under the name of Eigenstate Thermaliza-
tion Hypothesis [22] [23].

Life (and more precisely, biological processes), though an extraordinary and
unique phenomenon, ought not to be an exception to a derivation of its ther-
modynamics from quantum theory, as has been the case in e.g., light production
or lasing. By my understanding, a quantitatively specific description of life start-
ing at the QM level does not exist, not even within the broad insights provided
by Schrodinger [19], Bernal [24], Prigogine [25], Dyson [26] and Ruelle [27],
among others.

In the following, the subject will be self-replication (SR) in biological systems,
a process which is both ubiquitous and perennial. The systems in view range in
their shape and size from animals (humans included) through cells to biological
micro-molecules; from a Physics viewpoint every single entity in a particular
system is characterized by its momentary state, inclusive of its eigen-state,
orientation and location. In the following schematic and maximally simplified
treatment all these varied systems are represented in one single model and all
their properties are subsumed under a single yes-no alternative. (A classical,
non-quantal description might lead to qualitatively similar results, but without
the sharpness consequent upon quantization, e.g., of spin alignment.) Of late, SR
was treated by J. England [28] [29] from a thermodynamic viewpoint. Though
Ruelle [30] has formalized that work in a quantum setting, the subject still awaits
a microscopic model, like the one proposed here.

The conceptual innovation of this work lies in that, contrasting to the cur-
rently prevalent understanding of replicative and other processes in presently
existing living systems, as due to the background presence of enzymes that lower
and raise barriers to initiate and perpetuate modifications (Figure 3 in [28] and
P. Gaspard’s remark in [30]), but whose dynamical variables are absent from the
formalism, these are here included in an essential, though only schematic way. It

should be emphasized that this work aims at providing a descriptive account of
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how SR emerges in a quantum mechanical setting, rather than why the settings
occurs in systems that exhibit SR. Specifics are in section 4.1.

The article starts in section 2 with a list of the dramatic personae which
enumerates the entities that take part in a real self replication event, a list that
is followed by another, section 2.1, in which each biological component is
schematically represented by a qubit (half-spin). The enumeration of compo-
nents matches, but is more specific than those described by Ruelle [30]. (e.g., his
“X” are here sub-listed as 7, R, L/(7, R).) In subsection 3 the present approach is
placed in a perspective of standard scenarios of enzymatically activated
biologocical activities, pinpointing how the former is complementary to the lat-
ter.

The model Hamiltonian is given in section 4, followed by a curt but important
derivation of the “control” term in subsection 4.1. The entropic state of the sys-
tem is given in section 5, both before (subsection 5.1) and at the conclusion
(subsection 5.2), of the replication process. The numerical results are displayed
in section 6 with the simple Figure 4.

As a side line, this work points tentatively, and on the basis of the results, at
a partial answer to the quintessential question “what discriminates between
animate and non-animate matter?” as contained in section 6.1. (It should be
stressed that the criteria derived from this work are not in opposition to gener-
al characterisations of life, [19]-[26], but give them here an expression within a
basic, Hamiltonian formalism.) Subsection 6.2 elucidates the energy scales
used, followed by a Conclusion section 7. The Supplementary Information (SI)
informs how the tracing in a highly entangled system is to be performed. The

theorems there may have a wide application.

2. The Biological Components

1) The template (T), which duplicates and maintains its state during SR.

2) The library (Z) of available molecules, which is composed of

a) the template’s counterparts, the reactants (designated 1,r1,,--+), Le, those
molecules that are gathered up by T from just anywhere in the library ultimately
to be the replicate “R”, and

b) those that are unselected, but may play some role (e.g., as enzymes) in SR.
These do not replicate (by the “Central Dogma” of biology).

3) The broader environment, which adjusts in the course of replication and
constitutes a thermal bath supplying the needed free energy [7].

2.1. Representation

In our formalism, these complex structures are condensed into single qubits
(1/2-spins) and their manifold intrinsic characterizations take the simplified
form of just two alternatives, “up” and “down”. To reproduce the roles that 1) -
3) play in reality, as above, we construct a Hamiltonian in which there are (as

“degrees of freedom”):
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1) A “template” qubit, whose state-stabilization is ensured by having a
self-Hamiltonian of a Zeeman term form —-€,o, with a very large energy
pre-factor (e; > 1, in our energy units, o ’s here and in the sequel being Pauli
spin-matrices).

2a) A single potential replicate (R) qubit with Zeeman energy = 1, but also
having an additional interaction term with the template-qubit of the form
-W GZT GZR ,in which W > 1. Wserves as the control parameter, or “control” (for
brief), in that it regulates the transition across the SR divide. The derivation of
W by second order perturbation is the focal point in the theoretical develop-
ment.

2b) Additional qubits (N —2 in number), which, together with the former
two, interact through Curie-Weiss type x couplings o, - o) J(i,j=1--,N), with
varying strengths, all of the order of unity. Their weights in the low-lying wave
functions are minimally affected by replication.

3) A thermal bath, in weak interaction with the former, bringing about ther-

malization and perturbationally enhancing the replication (alignment).

3. Scenarios for SR

This section examines the relation of the present quantum state formalism in an SR
process to other scenarios in which SR arises as an enzyme coordinated barrier
jumping event. Several theories for barrier jumping in enzymatic actions are de-
scribed in [31], which also amplifies the common formulation of the process along
a single reaction coordinate mode by the addition of a “promoting” vibrational
mode to form a two dimensional landscape of the potential energy surface. Interes-
tingly, a “promoting mode” of opposite symmetry to accepting modes entered pre-
viously the theory of vibronic (vibrational-electronic) decay in large molecules [32].

The following figure (Figure 1) serves to visualise the complementary roles
played by the two schemata for SR as transitions between two parabolic Potential
Energy Surfaces (PES), whose profiles are drawn along a single reaction coordi-
nate. The simple parabolic depiction of the biological entities does not do justice
to the complexity and multiplicity of sub-conformational wells in real systems,
but serves as a base. In Figure 1(a), PES are drawn on the left (in black) for the
pre-SR configuration, template T and pre-replicated reactants 1, +1, +:--, and
on the right (in red) for the post-SR configuration, template T and the replicate
R in which the reactants have merged, with a separation barrier in-between. To
initiate a left-to-right transition, the barrier is transiently lowered, shown by the
short curly line and a promoting coupling between the configurations (not
shown) is brought into play. This summarizes the barrier jumping scenario of
SR, in which the quantum states involved both in the ascent to the transition
state and in the descent from it are not specified.

In the adjacent Figure 1(b), illustrative of the present, quantum state scheme,
PES are plotted, for the situations in which the Hamiltonian is without a control

term (W= 0, upper drawing) and one with a large control (>>1, lower drawing).
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(a) (b)

Figure 1. Alternative scenarios for SR. (a) A barrier jumping mechanism. Potential ener-
gy surfaces (PES, in arbitrary units) before self-replication for the molecular components
ina T+1+r1,+--- configuration (black) and for the replicated configuration T + R (red)

against a reaction coordinate (in arbitrary units). The curved line represents a temporari-
ly lowered barrier, across which the transition takes place. (b) Quantum level formalism.
The lowest levels are schematically indicated by short horizontal lines at the nadirs of the
lower PES parabolae plotted against a reaction coordinate. The PES drawn by dashed and
full lines are for different Hamiltonian (W = 0 and W >1) and in each case they are
shown schematically for the two configurations (T +1, +r,+--- in black and T + R in

red). The identification of alignment and anti-alignment in the spin model with the re-
spective red and black PES are shown by vertical arrows. Events in the shaded region are
not part of this formalism.

For each Hamiltonian alternative configurations (T+r, +1,+---) and (T + R)
exists (and are drawn in their respective colouring, as before), but their low
energy states (indicated by the short horizontal curves at the bottoms of the pa-
rabolae) change radically. (The two alternative configurations are formalized in
our two spin model by T and 71, respectively, also shown in the drawings.)
The source of the energy change is the increase of the control term coefficient W
in the Hamiltonian from 0 to a large value. (The physical cause of this change is
not clear; it is presumed to have an enzymatic source.) Whereas at low tempera-
tures the resultant configuration is both determined and described by the
ground state, the interim quantum states are not part in the theory. Their exclu-
sion from the theory is indicated by the shaded regions in the figure at barrier
heights: the events in this region taking place during SR are better viewed within
the barrier jumping scenario.

The control W, which is thus the pivotal source of the present complementary
scheme, is derived by a straightforward quantum mechanical procedure in sub-

section 4.1.
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4. Formalism

The foregoing processes are entirely rooted in the following Hamiltonian (writ-

ten in arbitrary energy units)

H :H(N)+Hbath+5HN—bath (1)

in which the first term for N interacting spins (described immediately below) is
fully treated, the second term, the bath Hamiltonian is not required for our
considerations , while the third, interaction term is dealt with perturbationally in
the following subsection 4.1. Within this model of N fully interacting 1/2-spins
(qubits), the spins labelled 1,---,N —2 are identified with the background items
2b’ in the above enumeration, (these do not replicate and are not directly subject
to SR while being part of the “library”); next, a spin labelled N —1 which is the
template (“T”, 1’) in the above and, finally, labelled N (and designated “R” for
“replicate”, 2a’) is the spin that is being converted in SR to become the facsimile
of the template. (The peculiar ordering of the labels aims at a simplified formu-
lation of the “reservoir tracing”, which is the concern of the Supplementary In-
formation.) The following Hamiltonian applies to this spin system:

H(N)== 3 ho,— > gi,jUixij (2)

=1, N i,j=1, N
The Zeeman energy parameters differ in their magnitudes, as follows:
i=1--,N-2:h =0(1); i=N-1:h, >1; i=N:h, =0(1) (3)
For the inter-spin coupling we have chosen
g; =0(1) (i,j=1--.N) (4)

Further details on the chosen value of the coupling coefficients are found in
[33]. These are not here reproduced, as these details are not essential to the fol-
lowing for which the important features in the Hamiltonian are the template

binding term —h,o, and a correction term hereby derived.

Control

For O6H, . we postulate a bilinear form:

oH =Z(ka6b*0'T+kbR0'b*0'R) (5)
b

with T and R labelling the template and replicate spin-entities and b indexing
the bath qubits. * denotes vectorial inner product. Calculating its perturbational
effect on the energy of the combined T-R-bath wave-function ¥, one may as-
sume that due to the random nature of the bath the first order diagonal pertur-
bational correction (‘I’|5 H |‘P> vanishes. Regarding the second order energy
correction, we first of all note that for low lying states the energy correction is
predominantly negative. Next we perform a number of manipulations (approx-
imations) that will end up by supplying an addition to the Hamiltonian H (N

above of the form -W'c!of, with W' large and negative.
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2

¥|S5H |
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)

+ 2k, ko ¥o" xo® x " |‘P>>

In passing from the first to the second line all energy denominators involving

excitational energies E, . were approximatively replaced by a constant and

negative mean value, thus enabling by the closure property to reach the next
stage, in which appears the expectation value of (SH )2 . Opening this, we are
led to a summation over bath entities 4. At this stage, cross-terms in the bath in-
dices were deemed to vanish by the randomness of phases in the bath spins.
Subsequently, after opening up (SH )2 in line four, the two squared terms con-
tribute only constants to the energy and may be ignored. We are thus left with
the cross term coupling target and replicate spins bi-linearly. Assuming identical
signs for the coupling coefficients k; and kg, each term in the last expec-
tation sum contributes negatively. Adopting the so named “Effective Hamilto-
nian” procedure in electron spin resonance (ESR) theory, the operator between
the bra-kets can be appended to the Hamiltonian H(N) in Equation (2) as
-W'o] -oF with W' given by
W’ :ézbkmkm >0 (10)
The magnitude of W' is a matter of further investigation and modelling of
the bath, but it may be noted that it is a sum of many terms, in principle num-
bering the molecular contents of the bath. There may be analogous terms, in-
volving x and y -spin components which are non-diagonal and presumably play
a role in the energy exchange between the bath and the T-R system. They have
no role in the model.
Summarizing the foregoings, we have identified within the T-R-bath-system
Hamiltonian a potential source for the strongly negative bilinear coupling of the

form
-Wo] -of (11)

in which W =W'+ g, is the control parameter for self-replication.

The above approximative procedure of eliminating the bath variables due to
their random (and uncorrelated) phases appears to be justified at the present
level of treatment, in which the bath degrees of freedom are not dynamic (ie.
not subject to equations of motion; alternative justifications rooted in the sheer
size of the number of bath coordinates were also given). [In a more elaborate

treatment inclusive of bath dynamics the foregoing manipulation of (SH)’
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would have been done in reverse: by tracing over the N-variables (the total sys-
tem minus the bath) and obtaining an “Effective Hamiltonian” representing in-
teraction within the bath coordinates, inducing correlations and entropy in-
crease, for which predictions have already been made in [34] [35]. By their esti-
mate, this occurs mainly well after the SR process, thus allowing one to treat the

process of SR itself at the level here adopted.]

5. Stages of Replication

In this conceptual stages are meant, as in a “gedanken experiment”, not chrono-
logical ones. For the latter, the states of bifurcation, appearing in Figure 4 as a

diagonal line, may well be relevant, representing states of meta-stability.

5.1. Pre-SR

The control is off, W= 0, and the thermalisation with surrounding is as yet ab-
sent. So we may take the template spin NV to be “up”, and the library spins, ex-
cepting the potentially replicate spin N —1, to be in any arbitrary combination
of up and down states. (For simplicity and definiteness we take them all to be in
their up states.). The replicate spin is in a mixed state of up and down states, at
equal shares. Thus, the whole system is in a mixed state, with a density matrix
having 1/2 on the diagonal and 0 on the off-diagonals. The entropy of the whole
system excluding the bath is at this stage

S =log2 (12)

preSR

5.2. Post-SR

Having turned on the control to its value of W, which in many cases of reality is
presumed to be the effect of enzyme activities, the eigenvalues and eigenstates of
the whole system are those given by the Schrédinger equation with the Hamilto-
nian Ain section 4. Postulating a thermal bath temperature much lower than the
Zeeman energy of the template, when the thermal interaction with bath is turned
on, we shall find the system to be in a state in which the template spin is fully up
and, with the control Wthat favours a T-R alignments switched on, the replicate
is also oriented towards the up state. Thus in the low lying, occupied states, the
replicate abandons (in a statistical sense) the previous mixed state and resides
with a probability close to unity in the up state. A precise measure of the proba-
bility is the Reduced Density Matrix (RDM) for the TO sub-system, obtained by
tracing over the N —2 remaining library states. This yields, as the control Wis
strengthened, values approaching one and zero, respectively, for the probabilities
of the pair T-R being in the (up up) and (up down) states. Since the eigenstates
are highly, 2¥-fold entangled, the tracing is not trivial and, in order not to inter-
rupt the description of the results, the derivation of the RDM matrix-elements
Piowpn (21) > Pipgounupaon (% 0)> Pipupapsomn (=0) > Paounupupaoun (= 0) i ex-
plained in the supplementary information (SI). Its theorems may have wider ap-

plications outside the present spin manifold.
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It needs to be stressed that the “alignment” found by the spin-formalism does not
proxy for orientational alignment or spatial contiguity, but only a correspondence
in the (two-dimensional) Hilbert spaces of the spins. Thus, the two organs
represented by T and R may be spatially quite detached from each other and be
reacting independently for any eventual external stimulations. Such reactions are
outside the scope of this paper.

Observationally more accessible than the probabilities is the entropy (here, the
post-SR reduced entropy of the TR sub-system and denoted by ), since the en-
tropy reduction in TO must be compensated over by an increase of entropy in
the surrounding, which is manifest by its heat gain. Essentially, this is the basis
of the “Theory of Dissipative Structures” propounded by Prigogine [25], else-
where expressed by the requirement that for the functioning of living systems
free energy must be externally supplied to them [19] [26].

In the following plot (Figure 2) we plot the post-SR entropy for the TR
sub-system (full lines). To obtain this, we first calculate the reduced occupation
probabilities RP, of the four possibilities (i =TT, LL) for the TR spins
by tracing the computed occupation probabilities over the states of the other
spin probabilities and then calculate the entropy as,

S.,entropy=— >  RPlogRP, (13)
i=1,2,3,4

From the figure it is apparent that as the control Wincreases the TR entropy
decreases, approaching the S = 0 limit appropriate to a pure state (that of ther-
modynamically full alignment) for large W. Following Nigmatullin and Proko-
penko [4] we next compute a quantity, there named “Efficiency”, 7 of the SR
as the change of entropy relative to the change of control. With our dimension-

less parameters this reads as

Figure 2. Full line: Post-SR reduced entropy S of the aligned template-replicate spin-pair,
as function of the alignment-inducing coupling strength (W, energy units). The asymp-
totic S = 0 signifies full alignment (both spins up). Other parameters as in the text; the
curve is insensitive to variations in the large value of the template stabilization constant
hr> 6. Broken line: Efficiency (defined in the text Equation (14), downscaled by 6.25).
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S -S
preSR
= 14
7 w (14)

In the figure the efficiency (drawn by broken lines) is plotted; however it is
downscaled by a factor of 0.16, and this so as to bring it into (near) coincidence
with the entropy S plotted by full lines. Postulating an exact coincidence for Irge
values of W (which are here of interest), one arrives at the following empirical

relation for the post-SR entropy:
S =S e /(1+6.25W) (15)

The generality of this relation is not obvious, but it represents a predictive
achievement of the theory, to be tested experimentally. The terms “Efficiency”
and “work” are used here due to their previous usage in [4], but in the present
context they do not have the usual connotations. (Thus, here the “Efficiency”
may exceed 1.)

The decrease of T-R entropy, signifying an enhancement of order must be ba-
lanced by an increase of entropy exterior to T-R, as required by general thermo-
dynamic principles and ingrained in Prigogine’s theory of “dissipative struc-
tures”. Where does this increase occur? Remarkably, not in the rest of the
spin-library, but outside it, in the thermal bath, in line with the general consid-
erations of [34] [35]. This result is shown in the adjacent Figure 3, in which a
slow but steady decrease of the combined reduced entropy of the exterior library

spins is evident.

6. Replicativity

The numerical interplay between the control parameter W of the bilinear T-R
term and the “binding energy”, linear, Zeeman term strength parameter Az of
the replicate is displayed in Figure 4. In this the reduced density of the replicate
is contour-plotted with W the abscissa and /g the ordinate. The replicate density

Figure 3. Full line: Combined post-SR reduced entropy of the rest of the spins in the Li-
brary, as function of the alignment-inducing coupling strength W.). Broken line: Effi-
ciency (defined in the text, Equation (14), downscaled by 6.25).
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Figure 4. Contour plot depicting the reduced density (occupation probability) for the
upper state of the replicate with the control ( W) the abscissa and the replicate self-energy
hr the ordinate (both in our energy units). Inside the light blue region the upper state oc-
cupation probability approaches 1 (alignment with the template); in the dark blue region
it tends to zero (anti-alignment). (The colour bar is relevant only between 0 and 1. The
MATHEMATICA program for the figure is available upon request to the author).

is strongly demarcated, with the light blue region (in the right-lower part)
representing alignment (replicating capability) between R and 7 and dark blue
region (in the left-upper part) indicating anti-alignment, in the lowest energy
state. From the graph, formally for the coefficient W entering the Hamiltonian

as -Wolol,
W >h, (16)

is the requirement for alignment, a criterion that is clearly favoring a strongly
attractive control. Below this line the upper state density of the replicate tends to
be unity alike to the template, while above the line it tends to vanish. The di-
agonal is a bifurcation line between the aligning and anti-aligning tendency of
the ground state and on it the two lowest lying states with opposing alignment
tendencies are energetically co-degenerate, implying an entropy increase. (The
zig-zag nature of this line is a numerical artefact.) In the immediate vicinity of
the line, the reduced replicate density is not yet close to 1 or 0, this is only the
case further inside the respective regions. Speculatively, one may associate the
bifurcation line with an inherent instability (“criticality” in Statistical Physics

terminology), encountered in some, and perhaps several, biological systems.
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The relatively sharp transition between alignment and anti-alignment is a
quantum effect; in a classical description the control term would only gradually
affect the statistic distributions of the spin orientation. Whereas the alignment
changes dramatically across SR, the weights (RDM values) of the constituents in
2b’ vary only minimally by about 5 percent, a property in line with their pre-

sumed enzymatic status.

6.1. Animate vs. Non-Animate

Figure 4 suggests, in the context of SR and the limitation of the two spin model,
the following criteria as desiderata for the above dichotomy (not excluding fur-
ther distinctions). The upper right quadrant of the figure is of interest (the rest
having been shown only for completeness.) This shows that for SR to occur (Ze,
to be below the diagonal line) the control parameter W, promoting the align-
ment of the replicate with the template, must exceed the positive value of the
replicate’s self energy parameter (which favors non-alignment). In terms of the
earlier description of the model in this paper, this requires a strong (bilinear) in-
teraction between T-R and the surroundings, as also a weak R self-energy. The
latter may be understood as a relative propensity of the replication candidate for
changes (of structure, form, isomerisation, function, etc.), contrasting with
non-animate entities that are as a rule fixated relative to their properties. In a
terminology of [28] Agis the “durability” of the replicate and, in line with what is
found in that paper, its decrease (that is, moving vertically downwards in the
figure) favors SR. Changes in the “durability” of the template do not substantial-
ly alter the figure. Clearly, not every system satisfying the above criteria will be
“biological”: in particular, they do not make allowance for the multiply layered
sub-conformations [36], belonging to a particular conformation, making the lat-
ter a “mixed” rather than a “pure” quantum state (as a single spin state). Yet they
provide a direction to which the present SR analysis points.

It may be objected (by regard to the lower half of the figure), that alignment
arises also from a negative replica self-energy (h; <0) irrespective of the con-
trol’s W strength. However, here the alignment is not due to an SR process, but
to the statistical preponderance of the low energy state for the replicate, prior to

the SR process.

6.2. Neglect of Excited States

At this point it is appropriate to examine the validity of the assumption that the
system resides exclusively in its ground state, equivalent to the assumption of the
scaled temperature &7 low on the relevant energy scale. Our results show that in
the parameter regime of strong replicativity, the second lowest level lies at cca.
0.3 in our energy units above the ground level. The stability of the template
(meaning that calculationally it stays after the interactions in its low energy
state) is due to its large Zeeman term energy-spread 24z which obtains at the

energy value of 10 in our units (though most of the calculations were made with
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a larger energy spread of 48). We may associate the stability with the actual, real
life lifetimes of biological entities. These vary over several orders of magnitude; a
lifetime at the short end is that of red blood cells 75, namely cca. 10 days, or
about 107 seconds. Assuming a Marcus-type decay or disintegration process with

-1

an attempt frequency v =10"*s™" [19], one may write

Trs =V—lezhr/kT (17)

which leads to kT :%< 0.3 providing some justification for the neglect of

higher lying states.

7. Conclusions

The process of living systems with regard to their self-reproductive capacity has
here been given a quantum description, differing from (but not replacing) those
current descriptions which present them as processes in a thermodynamically
non-equilibrium setting. Admittedly, the actual complexity of biological reality
has here been drastically reduced by representation of the manifold components
through a single spin or qubit and the multiple properties by a single spin direc-
tion. It behoves us (and perhaps others) to extend the treatment to models com-
prising more entities and a variety of properties. A candidate for future treat-
ment might be the self-assembly of a triatomic molecule, acting in some confi-
guration as a template and inducing the assembly of a chosen trio of atoms se-
lected from a large reservoir of atoms.

It may be objected, though, that by identifying the post-SR state with the
ground state due to equilibration, thermalization creeps in, somehow which is
external to the strictly Hamiltonian formalism of this work. However, according
to the Eigenstate Thermalization Hypothesis in some of its formulations [22]
[23], the expectation values of the spin alignment (a local observable) will occur

autonomously, without thermal contact with an external heat-bath.
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Supplementary Information

Tracing in Binary and “Y-Nary” Digital Representations

In a previous publication [33] a convenient labelling of the multiple 1/2-spin
states was achieved by replacing the ordinary, decimal numbering (in which, e.g.,
2’ is written as 32) with a binary representation, in which the same number is
written as [10000] or possibly [000010000], etc. In this representation, the state
of the r-spin is conveniently registered by having 0 or 1 at the th position from
the right for, respectively the down- or up-state of the state. (While not relevant
to the present work we, remark, that for entities or degrees of motion, that have
Y'rather than two alternative states, with Ybeing any arbitrary and finite integer,
the same idea applies and the combined state would conveniently be represented
by an Y-nary representation. Thus, for the not uncommon duodecimal repre-
sentation, each degree of freedom would have entries at each position any one of
the figures 1,2,---,10,X,Y . That this is not the end of the story, arises from the
fact that in most (if not all) programming languages a summation or repeated
operation command refers to the decimal representation and this necessitates a
shunting between the representations.)

Here we recall that “tracing” is used in the statistical interpretation of quan-
tum mechanics to obtain expectation values for a local operator (meaning one
that operates on only one or a few degrees of motion), while summing over all
states in the other degrees of motion. Insomuch as tracing also involves a sum-
mation [command], it is of interest to have at one’s disposal a formula that car-
ries out the tracing for states written in the binary (or Y-nary) representations.
The following rule is given for the tracing over a single degree of motion’s
(namely, the 7th spin’s) density of state (also known as the reduced density of
state), but other traces follow from this. Astonishingly, the rule is very simple!

Eigen-solutions of the many-spin Hamiltonian matrix in Equation (2) of the

text are of the form

[3)=>CJ[n),0= ,--,2" -1 (18)

where n runs over the 2% combinations of (0,1) (in that order).

Theorem 1

Trrjo)of =3

J,
T -3

Traces for other local operators than the density operator are treated analo-

Crf(z,J'=J if J mod 2" :(0’.,,,2r71_1>

(19)

cr[,am=3 if Jmod2 =(2,--,2" 1)

gously, with local expectation values inserted in the sums of Equation (19).

We next formulate the problem in more general terms, as an algorithmic ex-
ercise, and give a solution in Theorem 2.

Nand Yare finite integers. Expressions for the numbers J =0,---,Y N_1 ina
Y-nary system of digits, in a correspondence with a binary or decimal system,

can be written as
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I={ly Lyl =}, 1 =0, (Y =1), forallr =1,---,N (20)

(please note that r=1 is rightmost and r=N is leftmost). (Example with N
=4, Y=3: 11={0102}.) The problem is to seek a rule as to which /s to include
in the trace-sum for a given |, =X, Ze. which /s contain X at r position, with
whatever entries at other positions.

Theorem 2

(Solution of the problem, expressed as a constructive procedure.)

For position r(,z ---,N) arrange all J(O,---,YN —1)’5 in bunches of size
Y™ numbered 1,---,Y"™™" The trace for any I, :(O,---,Y —1) is then over
all J values, starting at the I, +1’th bunch and continuing to other bunches
skipping over them Y —1-times. (E.g., for Y =3,1, =4 include all /s in the
fifth, eights, etc. bunch)

Proof

When 1, firstappearsJ =1, *Y"" (thus in the binary system
{01000} =8 =1+ 2*") and likewise, when | _+1 first replaces |,
J=(1,+1)*Y"", the difference is Y™ and this is the length of the bunch be-
tween them, such that |, is at position . This is also the bunch length, when
there are non-zero digits to the left of r and then one meets again |, after
Y —1 bunches, those in which the digit at position rdiffers from |1, .

Ilustration: In the binary system at position r =1 even and odd digits alter-
nate, while at the last position r=N the first half of 2"J ’s have 0’s and the
second half has Is.

Corollary

In many appplications, the number of states differ for different degrees of mo-
tion, e.g., in a discretization of radial and angular degrees of motion. Then the
bunch length at the Fth position is Y, Y,,---Y,, with skipping /s Y, -1 times

over.

DOI: 10.4236/0jbiphy.2021.112005

176 Open Journal of Biophysics


https://doi.org/10.4236/ojbiphy.2021.112005

Open Journal of Biophysics, 2021, 11, 177-204
https://www.scirp.org/journal/ojbiphy

ISSN Online: 2164-5396

ISSN Print: 2164-5388

Internal Electrical Noises of BioFET Sensors
Based on Various Architectures

Lusine Gasparyan'z?, Ferdinand Gasparyan?, Vahan SimonyanZ

Yerevan State University, Yerevan, Armenia

DNA-HIVE LLC, Rockville, MD, USA
Email: fgaspar@ysu.am

How to cite this paper: Gasparyan, L.,
Gasparyan, F. and Simonyan, V. (2021)
Internal Electrical Noises of BioFET Sen-
sors Based on Various Architectures. Open
Journal of Biophysics, 11, 177-204.

https://doi.org/10.4236/0jbiphy.2021.112006

Received: February 1, 2021
Accepted: March 26, 2021
Published: March 29, 2021

Copyright © 2021 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).

http://creativecommons.org/licenses/by/4.0/

Abstract

The results of a comparative literature analysis of internal electrical noises
and signal-to-noise ratio for nanoscale BioFET (biological field-effect tran-
sistor) and DNA (deoxyribonucleic acid) sensors based on different architec-
tures MIS (metal-insulator-semiconductor), EIS (electrolyte-insulator-semi-
conductor) and ISFET (ion-selective field-effect transistor) are presented.
Main types, models and mechanisms of internal noises of bio- & chemical
field-effect based sensors are analyzed, summarized and presented. For the
first time, corresponding detail electrical equivalent circuits were built to cal-
culate the spectral densities of noises generated in the active part of a solid
(semiconductor, dielectric) and in an aqueous solution for MIS, EIS and
ISFET structures based sensors. Complete expressions are obtained for the
rms (root mean square) value of the noise current (or voltage), as well as the
noise spectral densities for the architectures under study. The miniaturization
of biosensors leads to a decrease in the level of the useful signal-current. For
successful operation of the sensor, it is necessary to ensure a high value of the
SNR (signal-to-noise ratio). In case of weak useful signals, it is necessary to
reduce the level of internal electrical noise. This work is devoted to a detailed
study of the types and mechanisms of internal electrical noises in specific
biosensor architectures.

Keywords

Noise, Sensor, BioFET, Signal-to-Noise Ratio

1. Introduction

The field-effect transistor-based biosensors (BioFETSs) [ion sensitive field effect

transistors (ISFET), electrolyte-insulator-semiconductor (EIS) structures, its
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modifications] are a potential candidate for future bioassay applications due to
its low cost, fast response, high sensitivity and small sensing size. The pH-sen-
sitive ISFET's are very important sensors for in vivo continuous monitoring ap-
plication of physiological and environmental system. The accuracy of ISFET
output measurement is greatly affected by the presences of internal noise, drift
and slow response of the device. Although the noise analysis of BioFET's so far
performed in different literature relates only to sources originated from FET
structure which is almost constant for a particular device, the pH-dependent
electrochemical noise has not been substantially explored and analyzed in detail.
Reliable ways of DNA sequencing by ionic and tunneling current require
low-noise and high-speed measurements of current in aqueous environments [1]
[2] [3]. In nanopore experiments that involve ionic and/or tunnel current detec-
tion, several sources of noise need to be recognized and reduced. In addition,
when a voltage is applied across the nanopore, a steep increase in low-frequency
(LF) noise is observed. This region of the noise spectrum is called 1/f -noise,
which is due to transient factors that influence the current flux (e.g., surface
charge fluctuations, hydrophobic pockets on the pore surface, etc.) [4] [5] [6]
[7]. Fluctuations of the environment parameters, such as ions and DNA mole-
cules motion, introduce important scattering processes that may affect the via-
bility of this approach to sequencing. A simple model that captures the role of
this complex environment in electronic dephasing and its ability to remove
charge carriers from current-carrying states is analyzed in [8]. It is finding that
these effects do not strongly influence the current distributions due to the
off-resonant nature of tunneling through the nucleotides. This result is expected
to be a common feature of transport in molecular compounds. In particular, on-
ly large scattering strengths, as compared to the energetic gap between the mo-
lecular states and the Fermi level, significantly alter the form of the current dis-
tributions. Since this gap itself is quite large, the current distributions remain
protected from this type of noise, further supporting the possibility of using
transverse electronic transport measurements for DNA sequencing.

Previous works showed the four DNA nucleotides possess statistically distin-
guishable electronic signatures [9] [10] in the form of current distributions when
accounting for structural distortions and partial control of the DNA dynamics
(i.e, by a transverse field) [2] [9] [10] [11] [12] [13]. These results indicate DNA
sequencing is, in principle, possible via transverse current measurements. How-
ever, such studies have neglected scattering processes, such as fluctuations of the
environment, which introduce current noise, and may thus affect the ability to
distinguish the bases. It is clear that the noise of the force signal connected with
the orientation of the bases in the pore on the passing current will be added, and
the current signal will be distorted. The environment is composed of ionic and
water fluctuations and other excitations that may drastically affect the electron
dynamics, and thus the current and noise [14]. The complexity of the problem

considered by Krems with coauthors, both in the number of atoms involved and
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the type of scattering processes to take into account [8].

A solid-state nanopore platform with a low noise level and sufficient sensitiv-
ity to discriminate ssDNA homopolymers of poly-A40 and poly-T40 using ionic
current blockade sensing are proposed and demonstrated in [15]. The key fea-
tures of this platform are:

1) highly insulating dielectric substrates that are used to mitigate the effect of
parasitic capacitance elements, which decrease the ionic current root mean
square (rms) noise level to sub-10 pA and

2) ultra-thin silicon nitride membranes with a physical thickness of 5 nm (an
effective thickness of 2.4 nm estimated from the ionic current) are used to
maximize the SNR and the spatial depth resolution.

The reliable formation of small nanopores (<2 nm in diameter), fabrication of
an extremely thin sensing zone with a thickness comparable to the spacing of
each nucleotide, decrease of the noise level, and control of the translocation
speed that would guarantee sufficient time to sense each nucleotide are the few
challenges that limit the performance of solid-state nanopores. Among these is-
sues, the excess noise level in solid-state nanopores (a few tens of pA to 100 pA,
10 times larger than that of protein counterparts [17] [18] [19] [20]) has been
one of the key issues responsible for the degraded signal-to-noise ratio (SNR)
and temporal and spatial resolution. In particular, the elevated parasitic capa-
citance generates a high level of dielectric noise that prevents sampling at high
bandwidths. A novel solid-state nanopore platform with a sub-10 pA noise level
by fabricating a SiNy membrane directly on top of highly dielectric substrates
proposed in [15]. It is demonstrated that high-frequency noise signals can be
significantly reduced by replacing the commonly used Si substrate with an insu-
lating one. Nanopore fabrication method presented in [16] consistently produc-
es nanopores with low 1/f -noise levels (see Figure 1), comparable to fully
wetted transmission electron microscopy (TEM)-drilled nanopores.

In [21] noise was calculated from the current versus time curves recorded in
the solvent at 50 kHz sampling rates with 100 kHz low-pass filtering. The noise

spectra showed linear components at the frequency above 10? Hz. This feature is

Figure 1. Power spectra density (PSD) of the ionic current at pore voltage of 0 and 100
mV. Root mean square noise of 40 pA is usually achieved at Vp = 0. Adapted from [16].
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naturally interpreted as stemming from the voltage noise in the current amplifier
coupled to the net capacitance of the mechanically controllable break junction
(MCB]J) system. Morikawa reported also a use of insulator-protected nanoprobes
for achieving 7.6 pA rms noise at 50 kHz sampling rates in an electrolyte solu-
tion [22]. Dielectric-covered MCBJ to create a pair of nano-exposed insula-
tor/Au coaxial electrodes closely separated by 1 nm were utilized. It is observed
insulator layer thickness dependent noise levels, which was attributed to de-
creased capacitance through replacing capacitive electric double layers by the
low-k dielectrics.

The LF pH-dependent electrochemical noises that originate from the ionic
conductance of the electrode-electrolyte-FET structure of the device and that the
noise depends on the concentration of the electrolyte and 1/f in nature are
investigated in [23]. The statistical and frequency analysis of this electrochemical
noise of a commercial ISFET sensor, under room temperature has been per-
formed for six different pH values ranging from pH2 to pH9.2. It is also pro-
posed a concentration dependent a/f and b/f> model of the noise with
different values of the coefficients a and b.

In [24] the small-signal and noise modeling of BioFET sensors implemented
with EIS structures is studied, with emphasis on design guidelines for low-noise
performance. In doing so, a modified form of the general charge sheet MOSFET
model that better fits the EIS structure is used. It is discussed how if the refer-
ence electrode and the insulator-electrolyte generate no noise associated with
charge transport, then the main noise mechanisms are the resistive losses of the
electrolyte and the LF noise of the FET. It is found that for realistic sensor geo-
metries and high electrolyte concentrations, the noise from the FET dominates
the thermal noise from the electrolyte resistance, and the optimal biasing point
for the FET for minimum noise is found to be around moderate inversion.

Syu with coauthors discusses how BioFET sensor can be designed by CMOS
platform and the integration with sample processing and data processing appa-
ratus for clinical sample testing [25]. This technology by clinical application is
categorized, and a brief summary and comparison for BioFET sensor solutions
are provided to each clinical problem. Because most of biomolecules carry elec-
trostatic charges and bioactivities involve electrical potential changes. Noise
contribution of commercial ISFETS, as well as of new designed pH-sensors, is
studied and measured. Selected CMOS technology offers lower noise properties
for designed ISFET's compared to commercial device, which is an advantage.

With the increased use of ISFET as a commercial micro- and nano-BioFET
sensor for accurate biomedical measurements, noise factors will determine the
performance limits of the system. The total noise comes from the ISFET sensor
itself, as well as from the read-out circuit. The important noise components are
present in a MOS transistor. The first one is the thermal noise, and the other
1/ f -noise.

The study of noise in BioFETSs is important for the reason that any source of
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noise present in the sensor will impose a fundamental limit on the resolution
and accuracy of the measurements and, hence, sensitivity of BioFETs limited by
the sensor noise. In BioFET sensors presents several intrinsic and extrinsic rms
noise sources [26]:

1) Intrinsic noise IdT, generated by the electronic device itself (1/f -noise,
channel thermal noise, source and drain diffusion resistance thermal noises,
substrate resistance noise, shot noise).

2) Extrinsic electrochemical noise E generated by ion-membrane interac-
tions, in the solution and at the reference electrode.

3) Extrinsic noise source E coming from biasing elements (power supplies,
reference electrode biasing, external biasing resistances). These noise sources can
generally be filtered.

The BioFET total noise spectrum can be presented as

P2 =i+, . 1)

Extrinsic electrochemical noise has been modeled in [27]. Another noise ana-
lytical model was introduced in [28] based on site-binding model [29] electro-
chemical equilibrium equations and kinetic reaction rate expressions. The model
described charge distributions in the electrolyte-oxide interfacial region and the
manner in which ions are transferred between them.

The trend towards miniaturization of biosensors leads to a decrease in the lev-
el of the useful signal current. A high signal-to-noise ratio must be ensured for
the sensor to work successfully. In case of weak wanted signals, it is necessary to
reduce the level of internal electrical noise. As follows from the analysis of lite-
rature data, many types of internal electrical noises with different generation
mechanisms and with different frequency behavior arise in biosensors. To im-
prove the performance of sensors and increase the SNR value, it is necessary to
study in detail the mechanisms of these noises and identify their effect on the
operation of the sensors.

This work is devoted to a detailed study of the types and mechanisms of in-
ternal electrical noises, especially low-frequency noise, in specific biosensor ar-
chitectures. For this purpose, the corresponding electrical equivalent circuits will
be constructed and expressions for the rms noise value will be obtained.

Note that BioFET's several structures (ISFET, EIS, etc.) tend to be operated at
low frequencies, where 1/f -noise is dominated, therefore, our main attention

in the next parts of the paper will be focus mainly on low frequency noise.

2. Definition and Specification of Internal Current Noises

Main types of semiconductor based BioFET sensors operated using peculiarities
of field-effect, especially properties of depletion layer near the interface of semi-
conductor-insulator. Those are field-effect biosensors: MIS, EIS and ISFET
structures.

Electrical noises both in solids and in aqueous solutions have been well stu-

died. Despite this, when considering specific biosensor architectures, it becomes
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necessary to take into account some specific factors that are usually not taken
into account in well-known formulas for noise. These factors are associated with
miniaturization (size effects), with the generation of complex physical processes
at the interfaces and surfaces of specific materials, etc. In this section, for a com-
plete understanding of the problem, in addition to the already known formulas,
we will also present expressions obtained and modernized by us for specific de-
signs of sensors operating in different modes and frequency ranges.

Obvious that sensitivity, selectivity and detectivity of electronic devices
determined in general by the internal electrical noise’s types, its level and fre-
quency behavior, and consequently by the SNR [30]. Voltage (or current) noise
spectral density (NSD) S, (or S;) usually are presented by the rms value of
the fluctuating voltage, V2, or by the fluctuating current 7 [31]:

V2 =S,Af, i7 =SAf . @)

Here Af is the elementary frequency bandwidth. Usually one assumes Af =1
Hz.

Equivalent schematic analogy of a noisy resistor presented in Figure 2 for the
case of equivalent voltage noise source (Figure 2(a)) and equivalent current
noise source (Figure 2(b)).

Below we will shortly characterize the NSD and sources of the main types of
noises in metals, semiconductors, dielectrics, bio liquids and electrolyte me-
diums.

The detailed analysis shows that main types of noises in bio- and chemical
sensors can be classified as follows [24] [32] [33] [34] [35] [36].

2.1. Main Types of Noises in Bio- & Chemical FET Based Sensors

1) Noise generated in solid state region:

e Thermal noise;

e Generation-recombination (g-r) noise in the space charge region at the sub-
strate-channel interface;

e 1/f and g-r noises generated due to trapping and detrapping on the semi-
conductor/insulator interface;

e Hooge’s bulk 1/f -noise;

e Channel 1/f -noise.

(a) (b)

Figure 2. Equivalent schematic analogy of a noisy resistor R.
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2) Electrochemical noise associated with the ion/membrane interactions:

e Thermal noise;

e Shot or Schottky noise;

e 1/f -noise in corrosive interfaces;
e Spurious noise.

3) Noise generated in the solution and at the reference electrode as well as
noise resulting from the fluctuations of the biasing elements:
¢ Bulkthermal noise;

e Diffusion layer thermal noise;
¢ Biological noise.

Thermal noise is the electronic noise generated by the thermal motion of the
charge carriers (electrons in conductors, electrons and holes in semiconductors,
ions in aqueous solution, bio liquids, electrolytes and dielectrics) inside an elec-
trical conductor at equilibrium, which happens regardless of any applied voltage.
Thermal noise is present in all electrical circuits, and in sensitive electronic
equipment such as sensors can drown out weak signals, and can be the limiting
factor on sensitivity of electrical devices. In an ideal resistor it is approximately
white, meaning that the power spectral density is nearly constant throughout the

frequency spectrum [31]:
Sy =4kTR or S =4kTG, (3)

where 7T is the thermodynamic temperature, R is the resistance and G is the
conductance of the sample.
Those frequency independent noise spectra represent a simplification. An ac-

curate calculation based on a quantum mechanics model gives
T h 1 1
Sv(f)=4Rf EJ’_W >

so that Equation (3) is basically only valid for hf «<KT , ie. for “low” frequen-
cies and high temperatures (h is the Plank’s constant). However, the quantum
noise for hf > KT has to be considered basically only for frequencies very
much higher than in radio frequency and microwave application of concentra-
tion of non-equilibrium carriers during the random g-r and trapping-detrapping
processes as on the interface impurity states and site bindings, as a result of the
bulk random g-r processes.

Generation-recombination noise. NSD of the g-r noise determined by the

following expression:

S
Sg—l’ — 0 .
Y 1+(a)r)2

Here S, is the some constant depending on the semiconductor bulk and
surface properties, @ =27f is the cyclic frequency, 7 is the time constant
(for bulk semiconductors usually fluctuating minority carriers’ life time). Gener-

ation-recombination noises spectra are described by the Lorentzians.
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Biological noise conditioned by the random fluctuation of the number of
captured particles/molecules in acqeous solution. Biological processes, such as
protein synthesis or trafficking, undergo random fluctuations, “noise”, that are
often detrimental to reliable information transfer, but can also constitute op-
portunities for more efficient cellular computations.

Cellular noise is often investigated in the framework of intrinsic and extrinsic
noise. Intrinsic noise refers to variation in identically-regulated quantities within
a single cell: for example, the intra-cell variation in expression levels of two iden-
tically-controlled genes. Extrinsic noise refers to variation in identically-regulated
quantities between different cells: for example, the cell-to-cell variation in ex-
pression of a given gene. The main source of stochastic variability on the cellular
level is the intrinsic thermal fluctuations of biochemical reactions driving gene
expression, signaling, cell cycle, motility, etc. These reactions occur through
random collisions and transient binding of various molecular species within a
single cell. Cellular noise is random variability in quantities arising in cellular
biology. For example, cells which are genetically identical, even within the same
tissue, are often observed to have different expression levels of proteins, different
sizes and structures. These apparently random differences can have important
biological and medical consequences [37] [38] [39]. Cellular noise was origi-
nally, and is still often, examined in the context of gene expression levels either
the concentration or copy number of the products of genes within and be-
tween cells. As gene expression levels are responsible for many fundamental
properties in cellular biology, including cells’ physical appearance, behaviour
in response to stimuli, and ability to process information and control internal
processes, the presence of noise in gene expression has profound implications
for many processes in cellular biology. For biological noise in [34] predicted a
Lorentzian NSD (like g-r noise) with amplitude proportional to the number of
particles/molecules in the solution.

Shot noise. Shot noise is a form of noise that arises because of the discrete
nature of the charges carried by charge carriers, electrons, holes or ions. When
looking at what is shot noise, it can be seen that it is particularly obvious when
current levels are low. This is because the statistical nature of the current flow
together with the discrete charge levels is more apparent. The continuous flow of
these discrete pulses gives rise to almost white noise. There is a cut-off frequency
which is governed by the time it takes for the electron or other charge carrier to
travel through the conductor. This noise depends on the current flowing and is
independent of temperature. The current through the space charge areas of a
semiconductor junction (source-channel or drain-channel in BioFET sensors)
are composed of many individual current impulses, due to the transport of indi-
vidual charge carriers. Since this motion of carriers is statistical, we always have,
besides the expected dc current Z also an ac noise component. With the assump-
tion of individual, rectangular current impulses of the width 7 for every charge

component, we can calculate an NSD as following:
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sin? (71 f T)

S7N =2el x .
(ﬂ'fZ')

For low frequencies, there is sin(x)/xoc1 and we get the commonly used

expression for the shot noise
55N = el . @)

Spurious noise. To discuss digitally-based noise, we need to modify the tradi-
tional definition of noise. “Noise is almost always defined as being random,
while digitally-based “noise” is deterministic, that is, it can be computed ma-
thematically” [40]. It can be argued that this noise sources are, in fact, all spu-
rious signals, determined by the repetition rate, rise/fall time, amplitude and
waveform shape of the electronic signal at various points in the digital circuit.
However, the number of these discrete spurious signals is sufficiently large that
the net effect is much like random noise, not just a collection of well-defined
spurs.

Usually the time constants involved in the detection of biological and chemi-
cal species in bio-liquid or electrolyte medium via field effect are relatively large.
Therefore, it would be expected that LF (or flicker) noise is more critical than
other types of noises in FET based bio- and chemical sensors.

Heerema with coauthors present an extensive study of the 1/f -noise in the
ionic current through graphene nanopores and compare it to noise levels in sili-
con nitride pore currents [41]. They find that the 1/ f -noise magnitude typical-
ly two orders of magnitude higher than for silicon nitride pores. This signifi-
cantly lowers the SNR ratio in DNA translocation experiments. From examining
the noise for pores of different diameters and at various salt concentrations,
authors find that in contrast to silicon nitride pores, the 1/ f -noise in graphene
pores does not follow Hooge’s relation. From studying the dependence on the
buffer pH, they also show that the increased noise cannot be explained by charge
fluctuations of chemical groups on the pore rim.

Low frequency noise conditioned by the random fluctuations of concentra-
tion or mobility of non-equilibrium carriers, ions and charged molecules in
aqueous solution, by the trapping-detrapping processes on the free energetic
states on the interface surface, as well as by the electron-phonon interactions in
the bulk of semiconductor, and by the fluctuation of electron’s and phonon’s
distribution functions. For the BioFET sensors LF NSD can be determined by
the Hooge’s model, McWhorter or correlated number-mobility fluctuation
model and charge fluctuation model.

The main mechanisms of the formation of 1/f -noise in semiconductors
(active part of FETSs) presented in [27] [34] [42]-[55]. The basic l/f -noise
theories and models have been proposed to explain the phenomenon in FET
based devices: the carrier density or number fluctuation model introduced by
McWhorter [56], the carriers mobility fluctuation model proposed by Hooge

empirical relation [57], electron-phonon interaction model [51] [53] [54] [58]
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and charge fluctuation model [58] [59] proposed by us.

1) Hooge model [45] [46] [47] [48] [54] [60].

In his paper [45] Hooge proposed that 1/f -noise is essentially a bulk phe-
nomenon. Working with metal films he championed an empirical relation for
1/f -noise in terms of resistance fluctuations, where the spectral density of the
resistance is [60]:

R? = R
N f

Here Nis the total number of free carriers in the bulk, and «,, is known as
“Hooge’s constant” an empirical parameter. This equation fits his data for metal
films very well. In [61] Vandamme developed Hooge’s theory for MOSFET de-

vices, starting from the lattice scattering theory presented in [62], calculating

2
|2:‘u° [ﬂj anIEZ) 2 (5)
" e \ WI(VGS _Vth)f

where g, is the low-field mobility of the carriers, 4 is the mobility if only
lattice scattering exists,

Ho

et T 4 (Ve —Vy)

>

@ is the mobility attenuation factor, Vg and V,, are gate-source and thre-
shold voltages. Again, significant bias dependences can be explained by changes
in the assorted mobility parameters.

For modeling S;(f) dependencies barely will be useful Hooge’s universal
formula of current noises for materials and structures with macroscopically ho-

mogeneous current density [45]:

ayl’
S(f)= Ny 7 (6)
where Hooge’s parameter a,, for semiconductors typically a,, ~2x107 [42]
[44] [46] [47] [48] [54], N, is the total number of electrons in the sample
(means the total number of moving carriers in the sample), 7 is the current,
magnitude of y close to 1. Unfortunately, Hooge’s formula does not give
opportunity to take into account the processes take place in the bio-liquid or
electrolyte medium of the BioFET sensors on the base of bare EIS and ISFET
structures [63] [64].
2) McWhorter’s or Correlated Number-Mobility Fluctuation Model
McWhorter, working with germanium filaments at MIT Lincoln Laboratory
in 1957 proposed that flicker noise is primarily a surface effect [56]. He cites a
number of experiments that showed that the 1/f -noise in germanium is de-
pendent on the ambient atmosphere of the filament. He writes, “recent results
now leave little doubt that the noise is predominantly, if not entirely, a surface
phenomenon.” Thus, the McWhorter number fluctuation (An) theory states
that flicker noise is generated by fluctuations in the number of carriers due to
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charge trapping in surface states. McWhorter obtained the necessary 1/f -
spectrum by assuming that the time constant 7 of the surface states varied
with a 1/ 7 distribution. Christensson et al. [65] [66] were the first to apply the
McWhorter theory to MOSFETS, using the assumption that the necessary time
constants are caused by the tunneling of carriers from the channel into traps lo-
cated inside the oxide.
In the correlated number-mobility fluctuation theory NSD of the flat-band
voltage fluctuation can be described as [27]
e’kTN, 1

SV,FB( ):WIﬂCZT (7)

2 *
Here, W and | are width and length of the insulator gate, £ =%\/ 2md, s

the McWhorter’s or tunneling parameter (m” is the effective mass of electrons,
®, is the tunneling barrier height seen by electron at the interface), N, is the
oxide equivalent trap density in eV-'cm™, Cis the cumulative capacitance.

The McWhorter’s model attributes the origin of 1/f -noise to the random
fluctuation on the number of carriers in the channel due to fluctuations in the
surface potential'. The fluctuations are caused by rapping and detrapping of car-
riers by energetic traps located near the Si-SiO, interface [67] [68]. In the satura-
tion regimes the drain current NSD is calculated as:

Su(f)= KF—Idzsl
C,L f
where K. isa quality independent on bias but dependent on sensor fabrication
process.

The Hooge’s empirical model attributed 1/f -noise to carriers’ mobility fluc-
tuations, due to carrier interactions with crystal lattice fluctuations [45] [57]. At
saturation
_ayQy I (Vgs _Vth) 1
- L f

Sa(f)

where @, is Hooge 1/f -noise parameter (Hooge’s parameter), x, is carri-
ers’ effective mobility.
For low noise applications the level of thermal and 1/ f -noises must be suffi-
ciently low.
Based on the number fluctuation noise model [44] the calculations of the 1/ f
-noise spectra for ISFET has been presented in [69]. At saturation
_ _ qzluNotIdsat l
id( f) .l f’
and at sub-threshold
A'NglgCrny 1

A = (Co +Co ) (KTYWL T~

'In further we will show that for DNA sensors the fluctuations in the surface potential is depend on
DNA molecules concentration.
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Here C;,, C, and C_ are the inversion, oxide and depletion layers capa-
citances per unit area, N, is the effective oxide traps density per unit area.

Problems of minimization of ISFET noises and results of LF noise measure-
ments are detailed discussed in [70].

3) Charge Fluctuation Model

We can consider l/ f -noise source, \F, via fluctuation of the oxide traps
(free bonds of proton donors O~ and proton acceptors OH;, Figure 2 in
[13]) charge density. The charge density of occupied traps Q, can be described

as:

eN
% (8)
wi

Qt =
where N, is the number of occupied traps. Then the NSD of the charge fluc-
tuation of occupied traps is:

e 2
So(1)=[ ) Su,(1): ®
Spectral density of the number fluctuations of occupied traps can be determined
as [44]:

Sw, ()= (10)

The voltage-fluctuation noise spectral density can be calculated using the ex-

pression:

S(1)_eN 1
Ci wIC; f~

S, (f)= (11)

In expressions (10) and (11) Nis the equivalent density of traps per unit area at

o _ GG , C, is the capacitance of the insu-
C +C,

lator (oxide) layer and C; is the capacitance of the semiconductor depletion

the SiO,/electrolyte interface, C

layer.

2.2. Signal-to-Noise Ratio (SNR)

SNR is a measure for comparison of the level of a desired signal to the level of
background noise. SNR is defined as the ratio of signal power Ps to the noise

power Py. For linear devices SNR can be calculated from expressions:

snR=bo ol s (12a)
Po Iy JSAf
_Vs _ IRy (12b)
Vy  JfS,Af

Here I(Vs) and I (V) are useful signal current (voltage) and noise equiv-
alent current (voltage), correspondingly, R, is the total resistance of the sam-
ple.

In review [70] different FET structures and detection principles are discussed,
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including label-free and indirect detection mechanisms. The fundamental detec-
tion principle governing every potentiometric sensor is introduced, and different
state-of-the-art FET sensor structures are reviewed. This is followed by an analy-
sis of electrolyte interfaces and their influence on sensor operation. The success-
ful detection of biomolecules by a BioFET is dictated by the sensor’s intrinsic
SNR. The detection limit of a traditional BioFET is fundamentally limited by
biomolecule diffusion, charge screening, linear charge to surface-potential
transduction, and flicker noise (1/f -noise). In [71] authors demonstrate that t
transistor technology called Negative Capacitor Field Effect Transistor (NCFET)
offers nonlinear charge transduction and suppression of flicker noise to dramat-
ically improve the SNR over classical Boltzmann sensors. The SNR improvement
by interpreting the experimental results associated with the signal and noise
characteristics of 2D MoS;-based transistors quantify. The combined sensitivity
enhancement and noise rejection guarantee a high SNR of the NCBioFET, mak-
ing this device a promising candidate for realizing advanced integrated
nano-biosensors. Most importantly, NCFETs can improve the SNR compared to
traditional MOSFET's by reducing the LF flicker noise related to carrier number
fluctuations. The results of the analysis show that despite the fundamental limits
of charged-based BioFETSs, the NCBioFET can improve the limits of label-free
detection of biomolecules.

McAndrew with coauthors shows how correlated noise can be implemented in
Verilog-A, and presents a new and simple technique to simulate the noise corre-
lation coefficient using only the standard Space noise analyses [72]. An analytic
proof is given that the noise contributed by the distributed gate resistance of the
MOSFET can be modeled by including a gate resistance of value R, /3 in series
with the gate capacitance. Analyses of series and parallel combinations of devices
are done to derive fundamental geometric scaling relations for noise. It is shown
that gate noise must be distributed between gate-source and gate-drain compo-
nents by maintaining proper symmetry. In saturation the correlation coefficient
between gate and drain noise currents is imaginary ( j\/% ) [72]. For resistors
(including both thermal and 1/ f -noise components) [73]

1”1
Si(f):4kTG+KFVWT.

Numerical and analytical theory of signal and noise of double-gated
pH-sensors was provided in [74]. Relatively high noise floor of ultra-scaled NW
sensors limits the SNR and the corresponding pH resolution (ApHu) of such
devices. It is defined ApHmin as being the minimum change in pH above the
noise floor that can be continuously (without signal averaging) detected by the
FET-sensor. In this article, authors offer a comprehensive theoretical analysis of
double-gated pH sensors, with emphasis on the “so-called” amplified Nernstian
response and the SNR. Authors combine the classical theory of the MOSFET
[75] and the site-binding model [29] [76] to calculate the signal amplification
and the noise levels for DGFETs (Double Gate FET) in various biasing configu-
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rations (Ze., accumulation, depletion, and inversion). For the noise calculation in
DGEFET sensors, authors account for the noise sources from the top and bottom
sides of Si body by assuming that the DGFET can be viewed as two independent
MOSEFETs with different oxide thicknesses and gate voltages.

In [77] the electrical characteristics and pH responses of a Si-nanonet ISFET
with ultra-thin parylene-H as a gate sensing membrane was reported. From the
LF noise characterization, the SNR was extracted as high as ~3400 A/A with the
lowest noise equivalent pH value of ~0.002 pH. These excellent intrinsic electric-
al and pH sensing performances suggest that parylene-H can be promising as a
sensing membrane in an ISFET-based biosensor platform. The pH sensitivity of
the pH ISFETs in various buffer solutions and conducted LF noise analysis for
potential development in bioassay applications is evaluated. The pH responses of
the devices were evaluated in various pH buffer solutions. A high pH sensitivity
of 48.1 £ 0.5 mV/pH with a device-to-device variation of ~6.1% was achieved.
The LF noise measurements of pH ISFET were performed in pH = 7 buffer solu-
tion under various gate bias conditions. The noise spectrum S;p shows a typical
1/ behavior with the exponential slope @ o1 in a 3-dec frequency band-
width of f, —f,=1-1000 Hz. The SNR was extracted based on the following
equation [78]:

SNR:AI/ [7sp(f)df

where A7is the drain current change in the range of pH = 4 — 10. In range 1 —
1000 Hz S (f)oc(107+107°) AYHz (V,c08+12 V), SNR,, 3000
A/Aat V,ocl0 V.

Our research in the field of mechanisms of LF noise in semiconductors, semi-
conductor devices and BioFET sensors is devoted to a number of works (e.g.
[50] [53] [54] [58] [59] [62] [79] [80] [81] [82]).

The main sources of electron mobility fluctuations in semiconductors were
analyzed in [54], the theory of 1/f -fluctuations of the lattice mobility of cur-
rent carriers in homogeneous semiconductors, the problems of space confined
and bulk temporal fluctuations of acoustic phonons and relationship between
models of 1/f -noise in semiconductors are developed, analyzed and presented
in [58]. Phonons interface percolation dynamics detailed investigated in [51].
Influence of long-wave acoustic longitudinal-phonon percolation dynamics on
1/f -type noise level is modeled for homogeneous, non-degenerated and
bounded semiconductors. Phonons percolation from semiconductor media to
environment regions via so called “refraction points” of phonons’ wave vector
phase space is modeled within framework of the bulk mechanism of electron lat-
tice mobility fluctuation. On the base of this mechanism it is shown, that
semiconductor surface is the source of suppression of 1/f -noise [83]. Phonon
mechanism of equilibrium fluctuation of carrier’s mobility and properties of
1/ f -noise analyzed also in [53].

Brief overview of the basic tendencies of development of nanoscale (bio-)chemical
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sensors is presented in [79]. Last years’ experimental data and theoretical models
for LF excess noises are summarized and analyzed; in particularly works in the
field of sensors functionalized by the nanoparticles, nanotubes (NT) and nano-
wires (NW) are discussed. Nanoscale FET's electrolyte gate field-effect devices
and capacitive EIS structures were discussed. Main mechanisms of excess noises
formation, behavior and peculiarities of the NSD, and the Hooge parameter were
analyzed. Role of the functionalization (with several nanoparticles, NTs and
NWs) on the essential reduction of 1/f -noise level is discussed. On the base of
the analyses of electrical, physical, bio-chemical and other characteristics of the
nanoscale sensors based on the NTs and NWs do some conclusions [79]:

e Low-frequency noise spectral density generally expressed as

V 2+

S,=A

e The noise amplitude (parameter A) reflects the sample quality and increases
with decreasing device size and depends on many parameters of material, its
structure, sizes, NTs bulk and surface physical and chemical conditions, from
its fabrication method.

AxR, AocL, Aocl.
N L

where R is the device resistance, N is the number of atoms or carriers in the
system, L is the sample length (N oc L). A=1x10"'R. Parameter A varies
within 107 up to 4 x 10™.

o
e The size scaling is incorporated in Hooge’s empirical law A= WH .

¢ In the linear regime 1/Acx I\/g —Vth| if noise is due to mobility fluctuations
and 1/Ac [\/g -V |2 if noise is due to number fluctuations.

e Parameter =0 is expected for pure resistance fluctuation in ohmic con-
ductors. The y #1 behavior is associated with nonlinear characteristics.

e Excess noise with a slope different from unity (7 #1) can be explained by a
superposition of a few Lorentzians.

In [58] charge fluctuation LF noise model is modifying for an EIS structure.
Physical processes take part in the semiconductor, insulator and electrolyte me-
dium responsible for LF charge fluctuation are discussed. The complete electrical
noise equivalent scheme for EIS structure is designed. Dependencies of NSD
from charge fluctuation connected with processes on the electrolyte-insulator,
insulator-semiconductor interfaces and bulk semiconductor are determined. It is
shown that in the bare EIS structure a number of binding sites of the insulator
surface actively take part in the trapping-detrapping processes with the ions and
molecules situated in the electrolyte. Usually these are very slow processes. The

capacitance C,, and captured charge will be slowly fluctuated. In the other

ox
hand capacitance of the semiconductor depletion region also depend on charge
fluctuation of insulator-semiconductor and insulator-electrolyte interfaces and

fluctuated with them via surface potential. Generally, noise determined by the
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modulation of semiconductor depletion region capacitance and surface potential
due to charge fluctuation at the insulator-electrolyte interface. Low-frequency
noise in an EIS structure functionalized with a multilayer of polyamidoamine
(PAMAM) dendrimer and single-walled carbon nanotubes (SWNT) is studied in
[64]. The NSD exhibits 1/ f” dependence with the power factor of y~08
and y=08+18 for the bare and functionalized EIS sensor, respectively. The
gate-voltage NSD was practically independent on pH value of the solution, and
is increased with increasing the gate voltage or gate-leakage current. It has been
revealed that functionalization of an EIS structure with the PAMAM/SWNTs
multilayer leads to an essential reduction of 1/f -noise. To interpret the noise
behavior in bare and functionalized EIS devices, a gate-current noise model for
capacitive EIS structures based on an equivalent flat band-voltage fluctuations
concept has been developed [64]. The experimentally observed gate-voltage de-
pendence of the noise explained by the gate-voltage-dependent changes in the
occupancy of the oxide trap levels resulting in a modulation of the conductivity
of current paths or charge carriers passing through the EIS structure.

LF noise spectroscopy at nanoscale and noise reduction in BioFET sensors
functionalized with carbon NT multilayers areee detailed analyzed in [80] [82].
Transport properties of Si NW double gated BioFET sensors were investigated
involving noise spectroscopy and current-voltage characterization [81]. Trans-
port and noise properties of NW FET structures were investigated as in sensor
configuration in an aqueous solution with different pH values. Furthermore, it is
studied channel length effects on the noise, and pH sensitivity (Figure 3). The
magnitude of the pH sensitivity increases with the increase of channel length
approaching the Nernst limit value of 59.5 mV/pH. It is demonstrated that do-
minant 1/f -noise can be screened by the generation-recombination plateau at
certain pH of the solution. It is shown that the measured value of the slope of
1/ f -dependence on the current channel length is 2.7 which is close to the theo-

retically predicted value of 3.

Figure 3. Noise spectra of NW double gated FET sensor, measured in different pH solu-
tions Spectral dependence of LF noise for NW with length /= 10 um measured at 300 K
and several pH values: 6.3, 7.0, and 8.2 at the back gate voltage —5 V and front gate vol-
tage —1 V. Adopted from [81].
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3. Noises in BioFET Structures (MIS, EIS, ISFET)

In this section, for the first time, complete equivalent electrical circuits of some
biosensors are constructed, taking into account the characteristics of a semi-
conductor, dielectric, aqueous solution, analyte and reference electrode. On the
basis of these schemes, the spectral densities of the internal electrical noises (or
rms values) were calculated. In these calculations, we used both well-known
formulas (for example, for thermal noise) and formulas that we have moder-
nized and obtained for specific investigated cases and operating modes. We also
used the results of studies by other authors. These expressions and formulas can
be found both in ours and in articles by other authors listed in the cited refer-
ences.

For analyzing the noise properties, we need model equivalent electrical
schemes of the elements of investigated structures. Below we will use the stan-
dard equivalent schematic analogy of a noisy resistor R consisting serial con-
nected voltage generator via average square of the fluctuating voltage vV, or by
the parallel connected current generator via average square of the fluctuating
current i% (Figure 2(a), Figure 2(b)).

3.1. MIS Structures

On Figure 4 the schematic picture of MIS structure is presented. Electrical and
other characteristics of such type structures detailed are investigated [42] [48]
[84] [85].

Electrical equivalent scheme for noises analyses for this case can be presented
as the serial connection of semiconductor and insulator layers (see Figure 5).
Each part has its bulk resistance (R; and R;, correspondingly for semicon-
ductor and insulator layers) and parallel connected capacitances (C; and C;,
correspondingly for semiconductor depletion layer and insulator), V_32 and
\F are the noise sources for semiconductor and insulator, correspondingly,

Vg, is the noise source conditioned by the flat-band voltage fluctuation. Total

noise can be presented as the sum

2 \/2 \/2 2
VMIS =V +Vs +Vig»

where
= 4kTR - — e’kTN 1
V52 =4KTR, +—Sdz, Vi2 =4KTR,, VF2B =—0—, Ry =Ry, + Ry
1+(a)RSdCd) ywlC; f
Figure 4. MIS structure (Al-pSi-SiO,-Al).
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Figure 5. Electrical scheme for MIS noise analyses.

Ry, and Ry, are resistances of the bulk region and depletion layer of the sem-
iconductor, correspondingly. Note that second term in right hand of V_52 is the
g-r part of the noises, conditioned by the g-r processes in the depletion region.
The noise source \E characterizes fluctuation processes which take part on

the interface of the depletion region and insulator. Thus

e’kTN, 1, 4kTRy
ywICE T 14 (wRy,C, )’
e’kTN, 1 N 4KTR,

ywICE | 14+(wRy,C, )"

Vs =4KT (Ry +R )+

~4kTR, +

as R; > Ry . Therefore, noises consist of the thermal, flicker and g-r compo-

nents.

3.2. EIS Structures

Schematic picture of EIS structure and its electric equivalent scheme are pre-
sented in Figure 6 and Figure 7. On the base of detailed analyses of several prop-
erties of EIS structures (see, e.g. [24] [27] [33] [36] [55] [86]), the electrical scheme
for noises analyses for the case presence of DNA molecules (as a biomolecule) can
be presented as on Figure 9. Main noise sources are conditioned by the flat-band
voltage fluctuation, semiconductor bulk resistance fluctuation and electrolyte bulk
resistance fluctuation. Comparable with the case of MIS structure, the following

additional new sources of noises are presented on Figure 7:

— N1 — TR v2
c?] =~ §0 V02 = 4kTRD > VRZE = 4kTRRE > Vb2 =4kTRb3 VDZNA =
AC f

KoVp

fo -

Here V, is the spectral density of the charge fluctuation on the insula-
tor-electrolyte interface [43], V; is the spectral density of the thermal noise of
charge transfer resistance fluctuations; R, is the charge transfer resistance

across electrolyte; Vg is the spectral density of the thermal noise of the refer-

ence electrode resistance fluctuations; Ry is the resistance of reference elec-
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trode. V_bz is the bulk electrolyte resistance (R,) noise. The bulk electrolyte

. . . . 1 |« .
resistance can be approximated by the spreading resistance R, zE, f—l , Kis
W

the electrolyte conductivity [24]. The noise source V3, represents an antic-
ipated noise source, V, is the potential on the DNA layer, K, some parame-
ter, @ and b isthe some exponents. This is due to the random motion of the
immobilized DNA probes within the electrolyte. This motion can couple to the
semiconductor channel and cause random fluctuations in the carriers. It is ex-
pected that this noise source would depend on the potential across the DNA
layer, since a higher potential could potentially further immobilize the probes

and cause less noise [24].

Figure 6. Schematic picture of EIS structure.

Figure 7. Electrical scheme for EIS noise analyses.
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Therefore, for EIS structure we can write
KoV

fb

Vi =4KT (Rgy + R + R, + Ry +Reg )+

e’N ( KTN, ) 1 4KTRg,
- 1+ —+ R
wIC, N )T 1+ (0RyCy)
Taking into account that
R >R +R, + Ry +Rge s
for the NSD of the EIS biosensor we get
a 2
KD\:D L © N2 (1+ KTN, jl+ 4KTRg, .
f wiCy AN )T 1+(wRyCy)

Vi ~ 4KTR, +

3.3. ISFET/MOSFET Structures

For the sensors on the base of such structures we have important difference.
Schematic picture and electrical scheme of the ISFET/MOSFET structure pre-
sented on Figure 8 and Figure 9, correspondingly. There we have two “current
channels” [24] [33] [43] [44] [78] [79] [87] [88]: 1) vertical leakage current or
equivalent voltage noise scheme (Metal-Semiconductor-Insulator-Electrolyte-RE,
e.g. EIS, which electrical equivalent scheme presented on Figure 7), and 2) ho-
rizontal equivalent current noise scheme Source-Channel-Drain, (Figure 9, be-
low).

Source-drain current noise can be successfully described by the Hooge’s 1/f -
noise, flat-band voltage fluctuation, semiconductor potential fluctuation and
depletion region resistance fluctuation.

The NSD of the drain current noise in MOSFETs using also results of [24] can

be presented as:
\J2eesNp

C.

5 w(.,,
'[2>s = 4KT 11, Cy n Vig + @50 =Va =@y —

(13)
e’kTN,

;/WICEZf

2 1 12
(9 + s Cy 1) T+1+aETTi)2'

Here first term describes thermal, second term, flicker and third term, g-r part of

+

the noise.

Figure 8. MOSFET/ISFET schematic picture.
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Figure 9. Electrical scheme for ISFET/MOSFET noise analyses (non faradaic electrode).

The NSD of the drain current noise in a load resistor R, connected between

source and drain in the linear regime approximated as [79] [88]:

2 2 p2 2
o Ich + 9cnRos Ir
[2)5 = - (14)

[1"‘ Ocn (Rds +R. ):|2 ‘

According to Hooge’s empirical mobility fluctuation model for elementary
bandwidth Af =1 Hz

eayips 1 eay yipsVps 1

= . 15
WIC, (Ve V) T H: (15)

Si ( f): ilz)s,]/f =

In (12)-(13) « is Coulomb scattering coefficient; C, is the capacitance of the

diffusion layer; C, is the effective capacitance per unit area, consisting of the in-

ef

sulator and any functionalization layer; C, is the depletion layer capacitance; |,
in (13) is the any parameter; R, is the load resistor resistance; Ry, is the resis-
tance of semiconductor bulk and depletion layer; Ry is the series resistances;

ii, is the noise contribution from the channel with conductance g,

KT |1
V¢ is the semiconductor bulk resistance voltage noise; R, =——|-

is the
ct e |-|—

charge transfer resistance [34]; 2 is the atomic number, I, is the total redox
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current; @, is the transconductance; \H =4KT (Ry + Ry ) 5 \E =4kTR,, ;
Ry, and R,, are the Warburg impedances [24]; E =2Zei;K(w) is the
non-equilibrium noises source describe specific mass transfer effect at the elec-
trolyte-electrode interface; K (@) is the corresponding coefficient [33].

As we can see noise spectral density for all investigated cases consist three ob-
ligatory components: thermal, low-frequency and generation-recombination.
Depending on the special experiment conditions either type of noises will be
dominated in the appointed frequency interval. For example in EIS functiona-
lized with PAMAM SWNT 1/f -noise dominates over thermal noise lower 10
Hz [63] [64], drain current NSD for the silicon-on-insulator (SOI) p-MOSFET
biased back gate voltages 1/ f -noise dominates in the region up to 500 Hz [79],
for ISFET' at the buffer solutions pH7 and pH10 above a corner frequency ~1
Hz up to 400 Hz the measured spectra correspond to 1/ f -noise and below this
corner frequency the measured spectra correspond to 1/ f?, in n- and
p-channel dynamic-threshold MOSFETs on SOI substrate NSD has both quasi
1/f and Lorentzian spectra up to 10* Hz [89].
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Abstract

Numerous considerations deal with specialties of bioelectromagnetic effects,
including the force-free and field-free interactions. The fact that bioelectro-
magnetic phenomena consist of effects without mechanical forces and even
without measurable fields looks impossible in the simple considerations.
However, the stochastic fluctuations cause surprising results, with scientifi-
cally proven bioelectromagnetism in field-free conditions. In the first steps,
we show the scalar and vector potentials’ specialties instead of electric and
magnetic fields defined by the well-known Maxwellian equations. The va-
nishing of the fields is connected to the potentials’ stochastic fluctuations, the
noises control the “zero-ground”. The result shows a possibility of a wave that
has no attenuation during its transmission through the material. In this
meaning, the result is similar to the consequences of the scalar-wave (SW)
considerations. The structural changes follow a particular noise spectrum
(called pink-noise or 1/f noise), which keeps the entropy constant in a broad
range of scaling magnification.

Keywords

Vector-Potential, Scalar-Potential, Stochastic-Processes, Field-Free Effects,
Curl-Free Fields, Axial-Vector, Life, Homeostasis, Entropy, 1/f Noise

1. Introduction

The scientific research on electromagnetic effects on biological systems involves
numerous theoretical and practical aspects in the last couple of centuries. Elec-
tric and magnetic fields, depending on their intensity, frequency, and gradients,
affect the biological processes, including the immune cells [1]. The magnetic
field could support chemotherapy in oncology [2], despite missing observable

clinical changes, the improvement of the patients’ quality of life is expected. On
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the other hand, the current research shows the active role of the magnetic vector
potential in biological processes [3]. The effect of weak magnetic fields is fre-
quently described with a vector potential in several biological studies of [4] [5].
The vector potential can modify the quantum-states of the water [6], which
could modify the complete chain-processes in living objects, governed by the
phosphorylation catalyzing metal ions with magnetic nuclei [7].

Alternative medicine frequently uses the idea of water-state modification con-
siderations [8], sometimes applying unproven effects. Controversial discussions
about the “silent” bioelectromagnetics as “energy-medicine”, [9] with force-free
action on the viability of bacteria E. coli [10], the “electrosmog” [11] [12], the
“new biophysical field”, “force-free actions” [13], “scalar-wave effects” [14],
“subtle energies” [15] generate heated debates. Intense debates with opposing
opinion on physical [16] and mathematical basis [17] [18] for evidence-less ap-
plications were published. Direct investigation of quackery [19] and the variants
of electromagnetic methods are questioned [20] [21]. Despite some spectacular
results of the magnetic therapies, solid scientific proof and clinical evidence are
missing, but the public’s hopes keep alive even the poorly documented cases.
The weak proofs well support the medical skepticism [22] [23].

The famous Maxwell equations [24] base the classical electrodynamics. Max-
well revolutionary introduced new physical quantities: the electric (€ ) and the
magnetic () fields. The standing (free charge density p ) and moving (cur-
rent density j ) charges in vacuum form the sources of the fields:

div(E)=—p and div(H)=0 (1)

&y

and the sources of the field’s whirls in vacuum:

OH . 0
rot(£)=——— and rot(H)=j+¢,— 2
(e)--Z (H)= i+ @
where &, =8.854x107"> F/m is a universal constant.
The conservation law of the charge:

op g
—+div(j)=0 3
o taiv(i) (3)

Sources and whirls define a vector-field which mathematical scheme makes
the Maxwell Equations (1)-(2) complete to determine the two field-vectors &£
and . In presence of materials (like living objects, too), we have to take into
account the atomic and molecular structures, which have bounded charges. In
the case of the presence of materials, new sources appear. Introducing the elec-
tric-(P) and magnetic-(M) polarization vectors, we get the electric displacement

field (D) and the magnetic induction (B):
D=g&+P and B=yH+M (4)
and g, =1.256x10° N/A? , is a universal constant.

Generally, we assume Pand M depend on the £ and B fields respectively, so
their Taylor’s series:
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2 3
P(€)=(P(&)) +(@) g+l 9 I: g+l aF: E +e
=0 \o8 ), 2008 )., Telog),,

and
2
5
M(w)=(M(30), o[ D) el T ®
0 \OH )i 2\0H° ),
3
+l(_a|v3|J ’}L3+...
6\ H ),
The practical engineering simplifies (5) by considering only the linear term:
P(£)= (@j £ and M(%)- (@j H ®)
0 Je-y OH )30
consequently
D=g, [1 +L(6—P) }8 =¢g,&,.€ and
& \OE )¢,
(7)

1 (oM
B=y 1+—(—) }’Hau mH
{ o \OH )3 ‘

where ¢, and pu, (relative permittivity and relative permeability, respectively)
denote the material parameters, which are constant in the linear approach. The
linearity requests very special conditions: homogeneous materials, adequately
small fields, and no permanent/remnant polarization/magnetization, and addi-
tionally the P (&) and M (H) functions must be smoothly continuous (ex-

isting derivatives are necessary).

2. Bio-Electromagnetism

First, confirm that you have the correct template for your paper size. The living
material is inherently highly polarized and extremely heterogeneous and has
various non-linear processes (physiological feedback). The linear approach does
not describe the real, heterogeneous, non-linear living phenomena. The correct

formulation of the complete Maxwell equations for living matter uses (4):

div(€) =L —div(P) 8)
80
div(B)=0 9)
oB
rot(€)=—— 10
(6)=-= (10)
. o0& oP
rot(B) = s J + &y — + 1ty —+ p,Fot (M) (11)
ot ot
Define the effective sources by comparison (1)-(2) with (8)-(11):
Pet = P —&,diV(P) (12)
and
Jet :j+a—P+rot(M) (13)
ot
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Instead of the free-charge conservation (3) effective charge considering the

presence of the material makes connection between the effective values:

ap eff

+div( jor ) =Cyy (14)

where C, depends on the derivatives of the P and M vectors. When the de-
=0.
ff

The zero divergence in (9) (source-less condition because of magnetic monopole

rivatives vanish, the free-charge conservation (see (3)) remains in force, C,
does not exist) defines a new quantity by introducing a vector-field ( A, called

magnetic vector potential)

B=rot(A) (15)

which automatically satisfies (9), because of div(rot(A))EO. The induction
flux ® of an open surface S, defines the physical meaning of the vector potential
A having special role in bio-systems [25]. The Stokes’ theorem gives the induc-

tion flux (®) encircled by the curve

® = [ BdS = | rot(A)dS = [ Adr (16)

where, the L circumflex of open surface S. Therefore, in the closed contour-line
integral of vector potential gives @. On the one hand, the magnetic flux density
in accordance with Faraday’s induction law (10) generates Eddy-current loops of

£ . Let us enter the relationship using (15) and (10):

rot(8+%j:0 (17)
ot
which obviously introduces the ¢ scalar potential:
A
(8+a—j:—grad(go) (18)
ot
To define the scale of the potentials, we usually fix the divA by the Lorentz
condition:
. op
d|vA+gOy0§:0 (19)

The wave equations of the potentials:
o°A .
AA— &, 1ty —= = Ho Jer

ot
5 (20)
A 0 o Pett
P =&y e —Z
The simple realization of “pure” A vector is the space outside of an infinite
cylindrical solenoid with r, radius supplied by 7/ current in n loops creates
the situation of A#0 when £=0 and B =0, when the distance (d) from
the solenoid d'r,. In this case A has only azimuthal component ( A)) in the
entire space from d distance. Inside the coil, we have, of course, the well-known

rot(B) =B, =4neg,u,nl .
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The basic effects of the vector potential 4 in the quantum-mechanical processes
indeed had been shown experimentally by the Aharonov-Bohm (AB) effect [26].
The A potential was directly verified pursuant to Equation (16). According to
another experiment [27], the interference image shifts as compared to the free of
the current case if the coil current is not equal to zero. The vector-potential A is
a phase-shifter of the de Broglie-waves [28], measured experimentally too [29]
Figure 1.

The minimal value of A’ has physical meaning [30], measures the existence
(change) of the topologic structures. It could be connected to a phase transition
in quantum-chromodynamics too [31]. Despite the AB effect has a quantum
(microscopic) nature, some AB observations are macroscopic presenting their
theoretical and practical proofs.

The two potentials (A and ¢ ) determine the full field picture by simple
mathematical transformations, so instead of the six variables (two vectors &
and “H ), only four parameters (A is a vector and ¢, is scalar) describes the
complete electromagnetic phenomenon [32]. The potentials are not only aux-
iliary quantities, presented as the basis of the description of electromagnetism
[32]. The conservation of electric charge in (3) and (14) was considered as a
fundamental condition instead of the induction law (10). The potential Equa-
tion (18) was used [32]. In this approach, a variation principle derives from
the above equations and the Maxwell theory. Interestingly the opposite
process, from [32] from Maxwell equations, does not work. In the relativistic
four-dimensional curved space-time the basis of the electrodynamic discussions
is the four-dimensional potential vector, composed from the components of A4
and ¢ [33] [34].

Figure 1. Effect of vectorpotential on the electron’s eigenfunction, and the interference pattern. The shift is

created by the presence of vectorpotential (Aharonov-Bohm effect).
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3. Electromagnetic Forces

The fields are senseless for humans. A transformation to mechanical or high
frequencies optical form must be involved to sense the electromagnetic activity.
The optical frequencies present the fields in radiative waveforms, so presently,
we deal with the force-transformation in invisible lower frequencies. Lorentz
force density ( f ) [35] connects the fields with the classical “force-based”, hu-

man mechanical sensing:

f=pE+ixuH 1)

In the existence of materials, when P and/or M are presented (this is the real

case) p and j, have to be applied in the Lorentz force:

f=psE+jgxB (22)

The trivial force-free solution is when fields vanish. (See below the “field-free”

solution.) The other, non-trivial vanish of the force is [36] when

PE" jxuyH and j|H (23)

Formulate it with the polarization terms [37]:
f:p£+ij+(PV)S+(MV)B+(yOaa—|:><B]—(%%xé‘j (24)

The complex force of (24) contains the direct forces, the dipole interactions
(f

), and the radiation pressure ( f,, ) by two-two terms, respectively:

dipole
fyp0e = (PV)E+(MV)B (25)
oP oM
f. = —xB |- —xE& 26
rad (:uo at X j (/uo 6t x j ( )

These terms do not annihilate by (23) conditions. In consequence, the non-trivial
solution of the force-field condition does not exist in bio-matter.

The potential formulation of the Lorentz force density by potentials (15) and
(18) in the formulae (24):

f= —p(%—f% grad (q))j + jxrot(A)—( PV)(Z—?Jr grad (q))j

P M A @7
+(MV)rot(A)+(,uo%x rot(A)j+(,uoaa—tx(%+ grad ((,))D
The dynamics of charged particles could also be introduced in parallel of the

classical dynamics an equation [38].

%(pﬁﬂ j:q(vV)A+q~v><rotA—qV(o (28)
C
where q is the electric charge. In more symmetric form:
d q 1
—| P +=A|[=-qV|p——(V-A 29
dt(pecj q(coc( )) (29)

The Equation (29) shows important behaviors of the potentials: eA is a
momentum-like term, while (v- A) together with ¢ has potential character.
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4. Tunneling through a Potential Barrier

There is no Lorentz force acting in the direction of the charge velocity, so no
energy exchange could happen. The probability p, of an energy-state E; is

proportional with the Boltzmann expression:

p,~e (30)

does not change by (curl-free) magnetic action in particle-description. In prin-
ciple, we expect an effect of the curl-free field [39], on the basis of quantum me-
chanics.

The quantum-mechanics derives the surface and bulk chemical reactions go-
verning the living processes. The Schrodinger picture of quantum mechanics in
a case when a particle of charge ¢ moves in the electromagnetic field can be de-
scribed by the time-dependent single-particle equation with ¥ wave-function
and H Hamilton operator ignoring the reaction of a particle to the field:

oY

in " =Hwv 31
i i H (31)

The information obtainable about the system is given by the wave function ¥
normalized to one. Consequently, the phase of wave function includes all infor-
mation relating to the system. It was shown by Aharonov and Bohm in their
famous effect [40] that the potentials have a fundamental role in quan-
tum-mechanics without using the electromagnetic fields. Schrodinger equation
where W(r,t) is the complex wave function H is a Hamilton operator, de-
scribing the total energy of the system, which, in the case of Aharonov-Bohm

conditions [40], can be expressed as follows:

H= L(EV - quz +q (32)

2m\ i v

where gis the charge in the V'volume

q=[, pdr’ (33)

Consequently, the Schrodinger equation of (31):

2
iha—‘{'=i(zv—qu ¥ qe¥ =HY (34)
ot 2m\i

In Equation (34) only the potentials have a role; the classical fields are com-
pletely missing. The scalar potential affects the potential energy, while the vector
potential is connected to the charge’s momentum in the Schrodinger equation.

In the plane-wave solution

_E.t—(pm+qA)rj 35)

‘P(r,t)ocexp[l .

Note classical fields do not appear in Equation (34) too. Where p,, is the

mechanical momentum of the particle with m mass and v speed:

P, =M-V (36)
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In consequence of (35), the magnetic vector-potential changes the wave-number

only. Using the normality of ¥
[, oo V(RO (rt)av =1 (37)

and using (35) the coordination dependence of ¥ is:

lexp(—uj exp(—iﬂ) (38)

r h h

which changes the amplitude of the wave-function at the transmission of a

potential-barrier (Figure 2). The amplitude of the probability could be higher

and also less under the action of the vector potential than without it.
Consequently, when two charged particles create a chemical bond, the exter-

nal vector-potential interacts and changes the structure.

The average of effective sources j; and p, could be expressed by:

(i )=Tr[i8]. (P )=Tr[pS] (39)

where S is the Neumann’s density operator:
S_isq —Yow 40
- h[s, L[S ] (40)

This approach (in principle) makes the complex system completely calculable.

5. The “Curl-Free” Potential Situation
A challenge arises when we have a curl-free magnetic vector potential:
rot(A)=0, (41)

In this case, (according to (15)) the B field vanishes, pure A field exists only
[41]. A kind of the curl-free solution is free from the magnetic field, but accord-

ing to (11) at high frequencies:

Figure 2. Particle transmission through a potential barrier with and without magnetic
vector potential.
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rot(B)~0 (42)

because from (11) a part could be zero, and the other part near to zero:

Hoj+ porot(M)=0 and y050%+,u0%3z0 (43)

The electric field does not vanish if 4 changes by time ( A= A(t)):

&€ =—grad (go)—%;so (44)

Of course, the curl-free solution could have bio-interactions having electric
field and through this direct forces and energy absorption in the material. Using
the potentials and the material parameters effective values of the sources ( p4

and j ) can be introduced by potentials alone in case of (41) conditions, too:

. . OP 1 O*A
=j+—+rot(M)=—| AA—g,u,— 45
Jr =1 ot (M) ﬂo[ oﬂoatzj (45)
and
. o’p
Puir = P—&diV(P)=—¢, [Aqo—go,uo ?) (46)

The time-dependent curl-free solution is a solution in the “pure” & -field,
which is the most common in the literature, and mistakenly used as field free.

The entire free field solution requests the following conditions:

% =0 and grad(¢)=const. (47)
Note due to (41) a y scalar-potential could be introduced:
A=—grad(y) (48)
and so
O0A oy
—+grad(¢)=grad| ——=+¢ |=0 49
atg((p)g(atcoj (49)
Consequently, due to (18) the new scalar potential is time-dependent, as:
' o
t)=>p——= 50
o(t)=0-7 (50)

6. “Field-Free” Solution

The important question is the real field-free solution, when nor € nor B exist.

B=rot(A)=0 and £=—grad(¢)—%—?=0 (51)

The field-free solution does not mean that the space is also potential free.
Could it interact with the biomatter?

The field-free condition involves a full annihilation of the existing but identic-

al and opposite fields. Due to the opposite ponderomotoric forces, the fields will
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vanish from the system. The zero B could be described by the two oppositely ef-

fective (destructive interference) vector potentials A and A*:
B=rot(A-A")=0 (52)
In consequence, we could have a U scalar potential due to rot(A) =0 for
the difference A,
A, =(A-A")=grad(U) (53)

Let us choose at the same time the scalar potential on the way that £ has

zero value as well:

£ —arad (o *_8(A—A*)_O A
=-grad(p—¢')-———= (54)
In this case, using (52) we define:
« oU
%:((P—(D)ZE (55)

Similarly to (20), the wave equations of these potentials belong to the
field-free (source-free) conditions. In consequence of (45) and (46), the waves of

null-potentials have zero effective charge- and current-densities
jor (A0)+ J (A" =0") = et (As)) =0

* (56)
P (A 0)+ Py (A" =0") = pus (A.,) =0

The sum is zero in the macroscopic view. However, it does not automatically
make terms vanish, the terms could be non-zero in a microscopic view! In this

way, the potentials associated with null-fields appear as waves:

2

AR, — &) 4y o = HtyJers =0
%o, P, 57)
Ap, — &y pty—2 =" =
Qo = bty ot? &

There is a huge challenge: the waves of potentials in field-free solutions have
no dumping. In consequence of the zero-field conditions, a U scalar potential in
(53) and (55) is the potentials’ generator-function. Using (19), (52) and (54), a

wave-equation is obtained for U:

o
AU —€0ﬂoat—:0 (58)

2

The result in (58) supports the propagation of the scalar-wave (SW), which
has no energy-dissipation in its transmission in the material [42]. The conse-
quence of the SW concept, the Lorentz condition in (19) has been modified:

divA+50/¢Oa—¢:C (59)
ot
where C #0 constant, and followingly [43]:

2
AC—gOy()E:,u(a—p+div(j)j (60)
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Due to the charge conservation rule (3):

op . .
——+div =0 61
(% vain(i)) (61
Consequently:
o’C
AC—EO,UO?:O (62)
Which is equal with (58).
Due to
1
Sokbly = C_2 (63)

These null-potential waves (together with the wave of the U potential (58)),
are traveling by the speed of light in the vacuum (¢), and so there are not dump-
ing. [Note the limited velocity (¢) of null-field potential obtained only with Lo-
rencz condition (19).] Also, as we see from (16), the ®@ flux obtained zero of

course for field-free potentials for classical approach because

¢ Adr =4, —grad (U)dr =0 (64)

The field-free potential in the Schrodinger equation is:

o~ 1 2 ou
H,=—(p,—q-grad(U)) —q=

0 2mq(loq q-grad(U)) —q P (65)
The application of the Lorentz condition (19) is equal with the wave-equation

condition (58) of the scale-transformation because the

A< A+grad(U)

ou (66)
¢ ¢_E

transformations make identical results. Without damping the traveling waves,
their interaction with the matter is questionable due to the missing energy loss.

Is this challenge dissolvable?

7. The Stochastic Solution of the Field-Free Challenge

The mean’s zero value does not mean that all terms vanish in the sum. The sum
of the terms is zero (time-averaged), but because of the non-linear P and A, the
terms in sums in (56) could have non-zero values, keeping their sum zero. The
effective current and charge densities as the fields’ sources could have fluctua-
tion around zero in the field-free solutions, which is, in fact, a fluctuating field
with zero outcomes. Consequently, the zero-field potential could affect the elec-
trical and magnetic polarization pattern, or ohmic terms, in creep. Ponderomo-
toric forces do not connect to zero potential waves. The forces reorganize only
the pattern of charges and currents, rearrange the structure without energy ab-
sorption. The fluctuations drive the structural changes of the patterns. This is a

direct potential effect without any change of the actual energy state only rear-
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ranges its fluctuation distribution, which was shown on water-structure and in
the water content of seeds too [44]. The vector potential affects the coupling
matrixes of the transport equations and modifies the quantum-states of the wa-
ter [45]. The water state changes show the clustering, and the experiments well
agreed with the direction of the effect.

The spatio-temporal distribution of the fluctuations could vary without any
change in the average (mean) values. Denote a living process without stochastic

memory as X (t). Its fluctuation by time d
X (t+dt)—X (t)=O[ X (t),t,dt] (67)

The t+dt time develops by its previous value at #time in (67). It is a Marko-
vian process [46], determines the development in subsequent series of values.
The ®[X (t),t,dt] function depends on the X; # dtvariables, and

3}3X(t+dt)= X(t). (68)
A self-similar process characterized [47] [48] by:

X (t+dt)- X (t)=0O[ X (t).t.dt |

ix(ui%)-x(u(i—l)%j (69)

i=1

: @{x (t+(i —1)%,@ _1)ﬁﬁ}

i n'n

andin dt >0 limit:
t, >t
X(t.,)=X (1), (70)

@[x(t),t,dt}:Zi”_le)i[x(t),t,%}.
The @{X (t),t,%} terms are statistically independent representations in

cases without memory. The sum of the n-pieces of the G)I:X (t),t,ﬁ} is nor-
n

mally distributed, [49] at large n according to the functional central limit theo-
rem. Consequently, from (70):

m{©[ X (t).t.dt]} = n.mean{@[x (t)’t’%}}
o{O[ X (t).t.dt]} = novar®{x (t)t%}}

where “mean” signifies the mean-value, m is the first, and o is the second mo-

(71)

mentum of the distribution; and “var” denotes the standard deviation. The solu-

tions of the function-Equation (71) are:
m{@[x (t),t,dt]} = A[ X (t),t]dt

G{Q[X(t)atadt]}ZD[X(t),t]dt (72)
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where A and D are smooth functions of X and ¢ as well as Dis positive. With the

normality conditions of (67) we get:
X (t+dt)- X (t)=©[ X (t),t,dt |
=N, [A(X,t)dt,D(X,t)dt | (73)
1 1

= A(X,t)dt+D2N,(0,1)dt>
where N, (m',o"2) is a normally distributed stochastic process with a mean
and standard deviation m’ and o', respectively. (73) leads to a Langevin equa-
tion with an infinite standard deviation pumped by a normally distributed white
noise (I'()):

‘;_fz A(X.t)+D? (X.)T(t) (74)
where:
r(t)=limN(0,dt™") (75)

A set of N self-similar stochastic processes could model the living system. Us-

ing the above considerations, we get a generalized Langevin equation:

%: A(X.t)+ Di% (X;.)r(t), (i.j=0.12,-.N-1) (76)
Assuming the A (X i ,t) as a homogeneous linear function:
A(xj,t)=zz;cikxk (77)
we get the comprehensive vectorial form of the generalized Langevin equation.
% =CX + D" (t) (78)

where X, Dand C are derived from x,, D, and C,, respectively. Accord-
ing to the Onsager’s conditions [50] the C matrix is symmetrical, and the
cross-effects are equal. The living matter forms a highly self-organized hierar-
chical structure, with a non-linear, dynamic equilibrium with no stationary
processes [51]. Various physical, chemical, and physiological activities connect its
subsystems, and interacting signals regulate and control a complex network. Even
the simplest living biological systems show several interconnected processes on
different time scales, determined by bioscaling connections [52]. Two identical
living objects do not exist. The living matter is variable, changeable, mutable,
and adaptable [53]. The living matter essentially differs from the lifeless ones
[54]. While the thermal and quantum fluctuations in the lifeless states are neg-
ligible due to the system’s size. These lifeless materials do not change between
identical environmental conditions. The living object has many randomly trans-
formed and altered homologous phases and states interacting with each other,
mutating over time, involving a permanent and immanent change that allows
adaptation, mutation, and natural selection. This dynamism appears in the

change of the confirmation state of proteins, optimizing life’s enzymatic reac-
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tions. Due to the inherent fluctuations, the living matter is “noisy”. The
self-similar [55] and self-organized [56] behaviors drive the power-spectrum of
their noise to a highly specialized frequency distribution, called pink-noise (1/f
noise), [57] [58]. As we had shown earlier [59], the symmetrical, cyclical 6
matrix mandatory for pink noise in a system. Consequently, if a stochastic
process is self-similar, then generates pink-noise with a power density spectrum
by ffrequency:

S(f)e 0 (79)

This spectrum is independent of the kind and number of variables. The only
assumption is its coupling matrix cyclically symmetric [59]. The living matter
has such a matrix form, and its noises satisfy the (79) equation.

The vector-potential A is an axial vector (pseudovector), which at the reflec-
tion is opposite to its mirror image, without changing its magnitude, while the
reflection of a true (polar) vector is exactly the same as its mirror image. The
symmetry drastically changes by the effect of an axial vector, and Casimir’s an-

ti-symmetric relation [60] replaces the Onsager’s symmetry:

C(Aw)=C'(-A-0) (80)
in the indexed form:
Ci(Aw)=C;(-A-w) (81)

This effect is the rearranging of the fluctuation-noise distribution by the
changing of the coupling of interconnected processes. This effect is independent
of the presence of fields, only the action of the vector-potential (A) is necessary.
In a zero-field (“field-free”) case, the microscopic (quantum-level) A could vary
freely, keeping the condition (56) valid in the macroscopic scale.

Resulting from our above calculation, the presence of any axial-vectors (e.g.,
magnetic field B or vector potential A) could destroy the symmetry of the C
-matrix [30]. Consequently, any axial-vector changes the coupling between the
transport processes and effectively affects the noise-spectra and the interconnec-
tion of the various homologous phases of the actual living state. This special in-
teraction behavior could give a clue to explain the certain respiration change by
a magnetic field [61] or a proposed tumor-genesis theory by magnetic field inte-
ractions [62] [63]. The action of axial vectors on the bio-system could affect its
self-organizing ability, directly affecting individual cellular organizing autonomy,
which characterizes the cancer cells. The pink-noise fluctuation (and the con-
nected large-scale maximal entropy) is broken by the axial vectors’ effect, mod-
ifying the transport properties and the interactions’ symmetry. This effect could
modify the critical state and the correlation length of the interactions [64] and

could create a stress-like effect on the organism.

8. The Bio-Entropy

We are able to formulate our results on the basis of thermodynamics as well. The
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highest deficiency of information (highest entropy) is achieved by the noise,
which has Gaussian distribution [60] (Gaussian noise). Because the effective
power-density of pink-noise is constant in all the characteristic scales, the Gaus-
sian pink-noise then has maximal entropy in all the scales. The living system has
special fractal dynamism, [65], in consequence of its self-similar stochastic beha-
vior, it fluctuates by pink-noise, [59] [66]. The maximal entropy of Gaussian
pink-noise allows an important conclusion: the living state’s noise has maximal
entropy (stable dynamic equilibrium) in all of the characteristic scales. Applied
the Focker-Plank equation [67] we had shown [30] that the entropy fluctuation
is connected to the coefficients of the Langevin-equation too:

AS = k%(xT?Ex). (82)

In this case the elements of the cyclic C -matrix will determine the change of
the entropy. The applied field-free potential could change the configurational
entropy and the noise-spectra of the living matter. This agrees well with the
meaning of the minimum value of the volume integral of vector-potential
squared ( A’ ), which is connected to the topological structures of the matter
(30].

Numerous negative feedback loops control the homeostasis [68] [69], creating
both the micro and macro-structures in equilibrium. The control forms oppo-
sitely effective physiologic feedback signal-pairs (promoter-suppressor actions)
in various time-scales. The system is well controlled at all times. The homeosta-
sis fixes the system in regulated dynamic equilibrium.

To characterize the homeostatic equilibrium, we may introduce a special
entropy-definition. There are various proposals to calculate the entropy of finite
data-series, which are coherent with the Shannon-type entropy [70]. Measuring
the complexity of time-series was introduced by the Richman-Moorman-entropy
(8g) [71], which is the negative logarithm of that conditional probability that the
vectors remain r-neighbors when we add a new sample-point to the time-series

so the length of the vectors is elongated to m+1. Consequently:

S. = InP(|xi—xj|sr,|xi71—xj71|sr) (83)

The signals are kept in a definite interval, controlled on all scales of the ho-
meostatic system. The entropy S; of every signal in this state is identical and
constant; S =1.8, independent of the scale of measurements, [72]. The con-
trolling physiological signals fluctuate around their average values. The fluctua-
tion is time-fractal (pink-noise), which characterizes homeostasis.

A special method, called multiscale entropy analysis (MSE) [73], has proved
the scale-independency of pink-noise in a definite interval of the signals, proven
by evaluation of various physiological signals [74]. Applying the MSE for pink-
and white-noises and the entropy vs. the applied scale factors (number of the
members of the actual averaging) had different functions. The smoothing (fil-

tering, cutting the high-frequencies) is irrelevant in the case of the pink-noise.
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When the original was pink, the entropy remains constant on all scales in a very
wide range of limits. The growing scale-factors decrease the white-noise entropy
due to the very short correlation, but its entropy is high at the small scales due to
the short-range correlations. While in the case of pink-noise, the short correla-

tion is weak, but the long is strong.

9. Conclusions

Our present work shows the possible bio-effects of the electromagnetic poten-
tials without the presence of electromagnetic fields. The effect is expected on the
quantum level. It is based on the change of interactions of stochastic processes in
living objects.

The practical benefit of the results is evident. It is not only a great possibility
to work out new bio-effects, but it has industrial application possibilities also.
The amplitude of field-free potential does not decrease because it does not in-
duce Eddy current by the induction law to dissipate its energy. Consequently,
effective communication methods can be achieved by applying low energies. Ex-
tensive research had been carried out in this field. An example, several patents
were filed on behalf of Honeywell Inc., and granted on the communication sys-
tem of this type [75].
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