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Abstract

In addition to the electrogenic microorganisms, e.g., bacteria, that can be found in communities
that are wired together in circuits carrying electrons in and out of biological cells, there are wireless
connections between micro-organisms that pass information to one another at a distance in virtue
of electromagnetic signals. One needs electromagnetic antennae to send or receive signals as they
pass information back and forth between living microorganisms. We here discuss the properties of
DNA and RNA long polymer molecules regarding their utility as antennae. As well as emitting or
absorbing radiation photons these antennae also emit and absorb phonons, i.e., acoustic signals. The
coupling between sound waves and electromagnetic waves is very appreciable due to and described
by biological piezoelectricity. Biological phases of condensed matter also exhibit chiral symmetry
breaking, i.e., “handedness” symmetry breaking, between right- and left-handed electronic states.
Describing two spin components (say up and down) times two chirality components (say left and right)
ultimately requires four component electron wave functions as discovered by Dirac even if the electrons
are moving at velocities much less than light speed. Coupled with the quasi-one dimensional nature of
long polymer molecules this yields bound Bose condensed bound particle-hole pairs constituting a
Tomonaga-Luttinger liquid similar in some ways to the Bardeen-Cooper-Schriefer Bose condensed
bound electron pairs found in superconductors. One similarity is that transport weak links in the
Bose condensate fluid flow yield Josephson effects described by a quantum pendulum, e.g., a sine
Gordon field theory. The coherent phase in the Tomonaga-Luttinger liquid is the difference between
the right- and left-handed electronic phases as first demonstrated by Coleman via the conversion of
the massive Thirring model into a Josephson type pendulum model. The complete theory of wireless
communication between biological organisms is only beginning to be developed. The basic DNA and
RNA microbe antennae must be wired in nature as a coherent phased antenna array for appreciable
communication bit rates radiated through large distances. Finally, acoustic and/or radio frequency
electromagnetic radiation carrying sufficient communication information should be of use medically
as a possible alternative to chemical medicines and/or vaccines in the treatment of illness; for a most
recent example in the COVID-19 virus with its RNA internal antenna.

Keywords: EM & sonic wireless antenna for DNA/RNA; chirality; sin Gordon theory; non-chemical
techniques against Covid & similar illness

PACS: 87.18.Vf; 92.20.jb; 87.85.Xd; 87.85.Ox; 87.85.Ng
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1. Introduction
There is a substantial literature describing the long wavelength excitations of long chain organic

polymer biomolecules by quantum field theories in one spatial dimension. The applications of quantum
field theoretic statistical thermodynamics[1] to the biological mantra that proteins are fabricated
and controlled by mathematical computational programs contained within DNA and RNA macro-
molecules[2] has thus far still been limited. Ultimately the methods of quantum field theory should be
applicable to medicinal practice such as the development of alternatives to standard vaccines applied
to the maladies of some DNA molecules within bacteria and some RNA molecules within viruses. Our
purpose is to provide some initial stages towards studying field theoretical models. Applications to
the avatars of RNA of the COVID-19 virus would have some immediate importance.

The microscopic theory of the condensed matter physics that can be used for understanding
forces in biological matter must be based on the quantum electrodynamic interaction in continuous
media[3]. At the classical level, the Lagrangian method employed for describing photons and collective
electromagnetic field configurations is fairly well known[4]. Field quantization follows the canonical
rules. For weak excitations in long chain biomolecules, the effective Lagrangians describe bosons
computed by functionally integrating out Fermion electron interactions. Purely electron charge
transport can then be described by boson fields of the effective Lagrangian employing topologically
charged soliton excitations. The mathematical properties of such soliton solutions of the boson
equations of motion are very well established[5]. In what follows, we consider electronic charge
transport along DNA and RNA long chain molecules responsible for inducing electromagnetic antenna
processes wherein very low frequency radio and acoustic frequency phonons and photons[6,7] can be
emitted and absorbed[8].

For the case of bacteria, there exist electronic communications within large communities because
within a single community different cells are biologically wired to one another and circuit electrons
pass through the biological mesh wiring through cell walls. A single bacterium with one or more
connection wires allowing electrons to pass across the cell wall is often called an electrogenic bacterium.
Studies of electrogenic bacteria communities abound[9–12] and engineering applications are beginning.
For example, one may produce chemical batteries with electromotive forces induced by bacteria[13].
However, the electricity in this case is maintained by wiring some bacteria to other bacteria and/or by
wiring bacteria to chemical cell electrode surfaces.

Of central interest in this work is the wireless electrodynamic connections between bacteria and/or viruses.
And some practical applications of their sonic & EM radiation for medical purposes are discussed in Sec.(6)

In wireless connections, information is emitted or detected in antennae that can radiate and
absorb respectively electrodynamic radiation from a distance. In particular, our purpose is to further
elaborate the antennae emission and absorption properties of long DNA and RNA molecules. In fact
work has already started on wireless bacterial/virus communication, both experimentally[14] and
theoretically, quantum mechanically[6,7] through the RNA and DNA molecules and more recently
from a more classical perspective via amyloid fibrils[15]. Since these long polymer molecules are quasi-
one dimensional, the electrical currents that emit or absorb radiation photons may be adequately
described by one dimensional quantum electrodynamic models, and these shall be essential to our
general approach. In addition to photon excitations in the DNA and RNA molecules, there exist
boson mechanical phonon oscillations, i.e., acoustic vibrations. The phonon-photon interaction thereby
describes a piezoelectric effect in DNA and RNA molecules that occurs due to the chiral or handedness
symmetry breaking, of the helical molecules that are double stranded for DNA and single stranded for
RNA. The symmetry breaking must thereby be included in the one spatial dimensional field theoretical
models employed to describe biological piezoelectricity[16,17]. Ultimately this requires Dirac electron
matrices that have dimension four, i.e., two spin states times two chiral states. Employing one spatial
dimensional Dirac spinors, these four states can be handled two states at a computational time.

The notion of describing electron charged currents in one spatial dimensional models with boson
fields is very well known and constitutes the physical basis of Tomonaga-Luttinger fermion liquid
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models[18–20]. A central physical point is that a locally conserved charge in a model in one space
plus one time dimension obeys the local charge conservation law ∂µ Jµ = 0. In field theories with one
spatial dimension

∂λ(z, t)
∂t

+
∂I(z, t)

∂z
= 0, (1)

wherein λ(z, t) and I(z, t) represent, respectively, the charge density per unit length and the current.
For the problem of wireless communication between different DNA or RNA long polymer helical
molecules, Eq.(1) represents the antennae current along the molecule emitting and absorbing radiation.
The general solution to the local charge conservation Eq.(1) involves the dipole moment per unit length
Q(z, t) defined to obey

I(z, t) =
∂Q(z, t)

∂t
and λ(z, t) = −∂Q(z, t)

∂z
. (2)

Thus, the electrical currents in one plus one dimensional field theories can be described by a
single scalar Boson field Q(z, t) having physical dimension of charge regardless of the fermion field
dynamics that may be at the root of the physical motions.

1.1. Cable Photons in DNA and RNA Chains

Short ranged heavy massive Boson exchange can lead in the vacuum to a point-like Fermion
interaction between currents. Boson masses in biological matter are here considered massive if
M(heavy boson)c2/e ≫ 1 millivolt. The semiconducting electrons in electrodynamic coherent water[21]
domains set the voltage scale of millivolts for the electronic semiconducting energy gaps in biology.
For quantum field theories in one spatial dimension, the photons can travel along the molecules as E
waves or TM cable modes or as B waves or TE cable modes. TE and TM modes along one dimensional
cables are massive and exchange of such photons in one spatial dimension lead the Fermi electronic
point like or at least short ranged interaction. The vacuum interaction depends on the square of the
current Jµ Jµ = I2 − c2λ2.

Since the long DNA or RNA chains reside in solution there is a capacitance per unit chain length ε

and an inductance per unit chain length µ. The condensed matter Fermi current-current interaction is a
simple TEM massless photon. In Gaussian electromagnetic units, there is a zero mass TEM cable mode
Lagrangian as grown out of the biological matter point-like Fermi interaction in one spatial dimension

LTEM =
1
2

∫
L

[
µ

c2 I2 − 1
ε

λ2
]

dz,

LTEM =
1
2

∫
L

[
µ

c2

(
∂Q
∂t

)2
− 1

ε

(
∂Q
∂z

)2
]

dz,

v =
c

√
µε

wherein v = TEM photon velocity. (3)

The quantum electrodynamic zero mass photon quantization from the Lagrangian Eq.(3) is
canonical and describes the Goldstone boson for the ordered Tomonaga-Luttinger liquid of electrons.
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1.2. Polymer Chain Thermodynamics

In Sec.2 the statistical thermodynamics of a long polymer molecule having energy U , entropy S ,
length L, dipole moment P and chemical composition particle numbers N1, . . . ,N f will be discussed
in terms of the complete extensive scaling thermodynamic function

U = U (S ,L,P ,N1, . . . ,N f ),

λU = U (λS , λL, λP , λN1, . . . , λN f ),

dU = TdS + τdL+ EdP +
f

∑
a=1

µadNa,

U = TS + τL+ EP +
f

∑
a=1

µaNa, (4)

wherein T, τ, E, and µ1 . . . , µ f represent respectively the temperature, long molecule tension (negative
compression), electric field tangent to the molecule axis and chemical potentials. In terms of intensive
quantities per unit length

U = uL, S = sL, P = QL, Na = ΓaL,

u = Ts + τ + EQ +
f

∑
a=1

µaΓa,

−dτ = sdT + QdE +
f

∑
a=1

Γadµa,

du = Tds + EdQ +
f

∑
a=1

µadΓa. (5)

The complete thermodynamic intensive energy per unit length function u(s, Q, Γ1, . . . , Γ f ) ≡ u(s, Q, Γ)
determines the dipole moment per unit length function Q(s, E, Γ),

Q = −
(

∂τ

∂E

)
T,µ

= −
(

∂w
∂E

)
s,Γ

w(s, E, Γ) = inf
Q
(u(s, Q, Γ)− EQ)

dw = Tds − QdE +
f

∑
a=1

µadΓa. (6)

The thermodynamic equations of state may be computed from field theoretical models in one spatial z
plus one temporal t dimension wherein the spatial coordinate z represents the distance along the axis
of the molecule. The current Eqs.(1,2) along the molecular axis is completely determined by Q obeying
in thermodynamics Eq.(6). Finally, the full Lagrangian for molecular polymer antennae currents read

Lelectronic[Q] =∫
L

{
1
2ε

[
1
v2

(
∂Q
∂t

)2
−
(

∂Q
∂z

)2
]
− u(s, Q, Γ)

}
dz. (7)

The quantum electrodynamic antenna photon quantization from the Lagrangian Eq.(7) is canoni-
cal. Eq.(7) holds true in virtue of Eqs.(3) and (5). The above Lagrangian, Eq.(7), is a central result of
this work on DNA and RNA antennae.

Ordinary Helmholtz linear electric dipole antennae or loop magnetic dipole antennae are designed
employing the physics of linear electromagnetic equations in matter as in the Lagrangian Eq.(3).
Nature’s biological antennae design has been more inventive than Helmholtz’s, employing nonlinear
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effects and yielding electronic currents for emitting and absorbing photons described by soliton
transport. Previously, this approach has proved successful in describing polyacetylene and magnetic
dipole rings of (CH)n of the benzene ring (n=6) type.

Finally, additional dissipation processes increasing entropy (s) in the antennae will give rise to
finite lifetime effects for the non-linear collective photon solitons. However, these lifetimes become
limited to large times by the semiconductor soliton topological stability which amounts to identifying
soliton fundamental homotopy group kinks as physical electronic charges. Some discussion of photon
and phonon absorption is given in Sec.4.

1.3. Field Theoretical Models

The simplest example of the field theoretical models applied to a long organic polymer molecule
involved trans-polyacetylene whose chain of n links has the chemical formula (CH)n is discussed in
Sec.2 and pictured in Figure 1.

The fermion electronic model in one spatial dimension involves the massive Thirring model with
a Dirac spinor band kinetic energy plus the Fermi pointwise current-current electron interaction. This
point-like Fermi interaction can be renormalized only in a one spatial dimension field theory. Such
a Fermion model can also be “bosonized” as noted by Tomonaga[18], Luttinger[19] and Mattis and
Lieb[20]. A relativistic view of the renormalized massive Thirring model in one spatial dimension
was discussed in great mathematical detail by Coleman[22] who proved the “bosonized” equivalence
to the sine-Gordon field theory in one spatial dimension. The connection between the soliton in the
quantum field theoretical sine-Gordon model and electronic charge transport in polyacetylene polymer
chains was discussed in the work on the SSH model[23,24] (Su, Schrieffer, Heeger).

Figure 1. Shown is the molecular structure of a polyacetylene chain (CH)n of n links. Each carbon atom bonds to
a neighboring carbon atom, alternating between one and two bonds as in · · · − C = C − C = C − C = C − . . . .
The fourth carbon bond is attached to a hydrogen atom. A chain of six links completed as a hexagon represents
C6H6 = (CH)6, i.e., a benzene ring. A chain completed into a ring or loop acts as a molecular magnetic dipole
antenna. Such would also be true of a polymer DNA loop in bacteria or and RNA loop in a virus.

The nature of the soliton Fermion number was explored by Jackiw and Rebbi[25]. In our work
the soliton has the charge of one electronic charge as demanded by the connection between local
charge conservation and gauge invariance. The soliton structure has been reported observed[26]. The
Coleman sine-Gorden equivalence is discussed in Sec.3.

1.4. The Mechanics of Damped Slinky Modes

The two helix DNA model and the single helix RNA model mechanically act similarly to a
quantum mechanical molecular toy helical slinky. The known mechanical modes of motion of such a
slinky is usually called wormlike in conventional studies[27] of long polymer chains. The statistical
mechanics[28] of the slinky or wormlike motions wherein the long helical biological molecules clump
into balls of string or are knitted and folded into sheets of polymer protein material is well studied.
These have long been applied to describe biological compaction essential for the central biological
mantra of how DNA and RNA produce proteins. These compaction modes are discussed in Sec.4.

The differential geometry of the path of a long spatial winding polymer chain is described by
giving the points on a polymer path[29] as a function of arclength s,

r = r(s) wherein ds2 = dr · dr. (8)
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A triad of unit vectors, one tangent t and two normal n and b = t × n, creates a moving
reference frame triad of unit vectors (t, n, b) along the curved molecular path. The rotation of the unit
orthonormal vector triad obeys the equations of Frenet and Serret,

d
ds

 t
n
b

 =

 0 κ 0
−κ 0 τ

0 −τ 0


 t

n
b

, (9)

wherein κ is the curvature of the molecule and τ is the torsion of the molecule. In order to understand
the meaning of curvature and torsion, consider the case wherein the curvature and torsion are uniform
along the curve,

i.e.,

κ =
R

R2 + [h/(2π)]2
, τ =

[h/(2π)]

R2 + [h/(2π)]2
(10)

for the case that R = const. and h = const. generates a helix as shown in Figure 2.

Figure 2. Shown is the helix of radius R and pitch h generated by constant curvature and constant torsion as in
Eq.(10) below. R is the radius of the helical cylinder and for every 2π rotation around the cylinder axis the curve
rises a height h.

In the Kratky-Porod model, also known as the wormlike chain model[27,30,31], the DNA and/or
RNA the polymer helices wiggle about like worms in the fluid solute environment. The energy of a
worm-like chain or more briefly a deformed slinky-wormlike polymer is described by the energy

Ude f ormation = τ̃L+

Y
2

∫
L

[
ξ4

1κ(s)2 + ξ4
2(τ(s)− τ0)

2
]
ds, (11)

wherein the tension, τ̃ > 0, or compression, τ̃ < 0, in the first term on the right hand side of
Eq.(11) has an overhang τ̃ only to distinguish it from torsion τ. This first term treats the wormlike
slinky motions as in string theory with the long chain molecular “string” embedded in the physical
three spatial dimensions. The second two terms on the right hand side of Eq.(11) give rise to rigidity
in transverse mechanical vibrations and in torsional (or angular) mechanical vibrations that affect
the mechanical vibrations, giving rigidity to the polymer chain. The Young’s modulus is denoted
by Y and the Poisson ratio is denoted by σ. Finally, the persistence lengths of the polymer rigidity
will be denoted by ξ j. Here we are applying classical elasticity theory[32]. In bulk solids, there is one
longitudinal sound wave velocity and two modes of transverse sound velocity as given by
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vlong =

√
Y(1 − σ)

ρ(1 − σ)(1 − 2σ)
Bulk Longitudinal

vtrans =

√
Y

2ρ(1 + σ)
Bulk Transverse. (12)

Finally, the persistence lengths of the polymer rigidity will be denoted by ξ j.
There are four modes of mechanical waves on helical polymer molecules in a worm-like chain as

shown in Figure 3. There exist four kinds of mechanical waves of interest: (i) There are two longitudinal
modes with a straight line z-axis as the center of the coils. There is compressional sound in a cylinder,
and rotational sound due to torsion. (ii) There are two transverse degrees of freedom for the now
curved central axis of the coil as in Eq.(11).

Figure 3. Shown above schematically are two longitudinal modes and two transverse modes. The longitudinal
modes are determined if the “center line” of the helices is straight. (a) The two longitudinal degrees of freedom
can be taken as R(z,t), the local radius of the straight coil and h(z,t) the local pitch of the straight coil. The z-axis
is a straight line. The physical picture of the two longitudinal modes is linear compression and local rotational
displacement both with an associated Poisson ratio. (b) The two transverse modes have curved central lines with
arc length ds and distortion energy Eq.(11).

Associated with bulk polymer mass density ρ is a longitudinal persistence length ξl defined
thermodynamically by

ρ1 ≡
(

f

∑
a=1

maΓa

)
= ρξ2

l , (13)

wherein ma is the mass of chemical species a on the polymer chain, and ρ1 is the mass per unit length
of the chain.

For small oscillations in the elastic strain, the first longitudinal compressional mode in a thin
straight worm slinky has a sound velocity spectrum

ω = vlk compressional vl =

√
Y
ρ

. (14)

The second straight central axis mode is torsional with spectrum

ω = Dlk2 torsional Dl = vlξl . (15)

Typically, longitudinal compressional mode velocities vl ∼ 2 × 105 cm/sec, while persistence
lengths are approximately the coherent domain sizes in water[21,33], ξ ∼ 5 × 10−6 cm. Thus, Dl ∼
1 cm2/sec. Note the electron quantum of circulation Del = (h̄/m) ≈ 1.16 cm2/sec contributing to
the free electron spectrum E = h̄2k2/(2m). The agreement Del ∼ Dl is not fortuitous. Finally, the
transverse bending modes for the wormlike-slinky have the spectrum

ω = Dtk2 transverse Dl = vtξt, (16)
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which is degenerate if the straight-line axis does not sense an asymmetry in the rotational moments of
inertia. Here ξt is the transverse persistence length. These frequencies, quadratic in the wave number
k, are comparable to free electron Bohr transition frequencies, h̄ω f i = E f − Ei, wherein E = h̄2k2/(2m)

and obey

ω f i =
1
2

Del

[
(k f + ki)(k f − ki)

]
with Del =

h̄
m

. (17)

The similar orders of magnitude Dl ∼ Del are not fortuitous. Young’s modulus describes the internal
pressure-energy as determined by the electron Pauli exclusion principle required for stable matter
when Coulomb forces are of microscopic importance.

1.5. Electric and Magnetic Dipole Antennae

In Sec.3 the electric dipole antenna that constitutes a linear axis DNA or RNA chain polymer
molecule subject to an electric field is described by the massive Thirring sine Gordon Lagrangian in a
driving electric E field

Lelectronic[Q] =

(
1
2ε

)
×

∫
L

[
1
v2

(
∂Q
∂t

)2
−
(

∂Q
∂z

)2
]

dz −

∫
L

[
h̄ω

(
1 − cos

(
2π

Q
e

))
− EQ

]
dz, (18)

corresponding to the equation of motion

1
ε

[
1
v2

(
∂

∂t

)2
−
(

∂

∂z

)2
]

Q +(
2πh̄ω

e

)
sin
(

2π
Q
e

)
= E. (19)

If the driving electric field depends only on time,

E(t) = −1
c

Ȧ(t) and P = LQ(t), (20)

then only the total electric dipole moment P comes into the equations of motion. In the electric
dipole limit we thereby have the ordinary differential equation corresponding to a voltage V(t) driven
pendulum with a current output I(t) = Q̇(t),

L
c2 Q̈(t) + Vc sin

(
2π

Q(t)
e

)
= V(t), (21)

wherein the antenna inductance L = µL, the driving voltage V(t) = E(t)L and the critical voltage is
defined Vc = (2πh̄ω/e)L. If the electron oscillations on the straight axis of the antenna have a finite
dissipation, increasing the molecular entropy by heating, then phenomenologically a resistance R may
be added to the electric dipole antenna model according to I(t) = Q̇(t),

L
c2 Q̈(t) + RQ̇(t) + Vc sin

(
2π

Q(t)
e

)
= V(t). (22)
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For the moment, neglecting resistance, the driven electric dipole antenna acts as a quantum
electrodynamic circuit described by the ordinary Lagrangian

Λ(Q̇, Q) =
L

2c2 Q̇2 +
LAQ̇

c
−(

eVc

2π

)[
1 − cos

(
2π

Q
e

)]
(23)

in virtue of Eq.(21). The Hamiltonian operator corresponding to the Lagrangian Eq.(23) is canonical,

H(Φext) =
1

2L

(
−ih̄c

∂

∂Q
− Φext

)2

+

(
eVc

2π

)[
1 − cos

(
2π

Q
e

)]
. (24)

Here the driving vector potential is A = Φext/L. By wrapping up the linear electric dipole
antenna into a loop one obtains the magnetic dipole antennae with a total magnetic moment given by
a current area product.

In detail, the external magnetic flux through the loop is given by

Φext =
∮

A · dr =
∫
L

Ads. (25)

The Schrödinger equation for the loop is given by

ih̄
∂ϕ(Q, t)

∂t
= H(Φext)ϕ(Q, t), (26)

wherein the Hamiltonian is identical to the electric dipole antenna Hamiltonian Eq.(24). However,
the magnetic dipole antennae boundary condition defining the geometrical meaning of “loop” is the
magnetic dipole boundary periodic condition

ϕ(Q + e, t) = ϕ(Q, t) magnetic dipole loop. (27)

In particular, as a consequence of Eq.(27), the energy eigenvalues are periodic in external magnetic
flux, i.e.,

H(Φext)ϕn(Q) = En(Φext)ϕn(Q),

ϕn(Q + e) = ϕn(Q),

En(Φext + Φ0) = En(Φext), (28)

wherein the flux quantum is given by

Φ0 =
2πh̄c

e
. (29)

According to present international agreements on SI units, where the electromagnetic charge conversion
is exactly 1 emu ≡10 Coulomb and 1 Tesla ≡104 Gauss, we have the exact three-unit definitions

c ≡ 2.99792458 × 1010 cm/sec,

2πh̄ ≡ 6.62607015 × 10−27 erg sec,
e
c
≡ 1.602176634 × 10−20 emu. (30)

The flux quantum is then

Φ0 ≈ 4.135667697 × 10−7 Gauss cm2. (31)
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Many distinctive properties of DNA or RNA molecular antennae follow from the periodicities of the
circulating currents

In(Φext) = In(Φext + Φ0). (32)

Eq.(32) follows from

In(Φext) = −c
dEn(Φext)

dΦext
(33)

in virtue of Eq.(29). The magnetic flux periodicity of circulating currents in molecular dipole antennae
arises out of electrodynamic gauge invariance and the Bohm Aharonov effect and is likely to surpass the
accuracy of a particular model Hamiltonian such as ours and play a strong role in wireless transmission
of information between DNA and/or RNA molecules.

2. Statistical Thermodynamics
Of interest here are electrical and mechanical vibrations that quantize into photons and phonons

in the usual manner. Photon-phonon conversions can and do take the form of piezoelectricity that go
into the design of ultrasound emitters and absorbers[34]. A simple understanding of piezoelectricity
can be obtained by the general principles of statistical thermodynamics. The role of this reasoning is of
use for understanding biological piezoelectricity as it occurs in long strands of DNA and RNA due to
the lack of chiral (handed) symmetry in helical molecules.

2.1. Quartz Crystal Ultrasound

To get ultrasound generators from a quartz crystal it is sufficient to cleave the crystal so that a
given crystal plane appears parallel on two sides of the quartz sample. Then deposit two metallic
films, one on each of the opposite flat sides of the quartz sample, forming a circuit capacitor and add
equal and opposite charges on the two metallic plates. The thermodynamic equations of state of the
capacitor follow from the fundamental law

dU = TdS + VdQ +FdX, (34)

wherein S , Q and X represent, respectively, the capacitor entropy, charge and quartz crystal
plane displacement and T, V , and F represent, respectively, the capacitor temperature, voltage and
force component parallel to the plane displacement that the metallic film exerts on the quartz crystal.
Alternatively, one may employ the capacitor enthalpy

W(S ,V , X) = min
Q

[U (S , Q, X)− VQ],

dW = TdS − QdV +FdX. (35)

The capacitances at constant displacement X and at constant force F are defined respectively as

CX =

(
∂Q
∂V

)
S ,X

and CF =

(
∂Q
∂V

)
S ,F

. (36)

Employing the thermodynamic derivative identities(
∂Q
∂V

)
S ,F

=

(
∂Q
∂V

)
S ,X

+

(
∂Q
∂X

)
S ,V

(
∂X
∂V

)
S ,F

,

CF = CX −
(

∂Q
∂X

)
S ,V

(
∂X
∂F

)
S ,V

(
∂F
∂V

)
S ,X

,

CF = CX +
Λ2

S
KS

, (37)

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 August 2025 doi:10.20944/preprints202508.1773.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202508.1773.v1
http://creativecommons.org/licenses/by/4.0/


11 of 19

wherein the adiabatic piezoelectric coefficient is defined by a Maxwell relation for the enthalpy Eq.(35)

ΛS =

(
∂Q
∂X

)
S ,V

= −
(

∂F
∂V

)
S ,X

. (38)

The thermodynamic adiabatic static Hook’s law spring constant for the vibrational quartz mode is
defined as

KS =

(
∂F
∂X

)
S ,V

. (39)

The central result of this section is that a measured capacitance of the quartz filled capacitor is a circuit
parallel connection between two capacitors: (i) a capacitance CX wherein the position of the vibrational
mode is clamped and (ii) an elastic capacitance

CF = CX + Celastic,

Celastic =
Λ2

S
KS

, (40)

adding capacitance for the parallel circuit connection. Using a damped harmonic oscillator model
for the quartz vibrational phonon mode, yields a complex frequency dependent elastic electrical
engineering capacitance

MδẌ(t) +RδẊ(t) +KSδX(t) = δF (t),

Celastic(ω) =
Λ2

S
KS − iωR− ω2M ,

Celastic(ω) =
ω2

0Celastic

ω2
0 − iΓω − ω2

. (41)

wherein M is the mass of the vibrational mode and R is the mechanical acoustic impedance of the
vibrational mode. The frequency ω0 of the quartz phonon mode and the inverse phonon lifetime
τ−1

phonon = Γ are determined in mechanical engineering terms by

ω0 =

√
KS
M and Γ =

R
M . (42)

The frequency dependent circuit admittance of the fixed displacement capacitance connected in parallel
with the elastic mode capacitance is

Y(ω) = −iω[CX + Celastic(ω)],

Y(ω) = −iω

[
CX +

ω2
0Celastic

ω2
0 − iΓω − ω2

]
,

ℜeY(ω) = ω2
0Γ

[
ω

(ω2 − ω2
0)

2 + ω2Γ2

]
Celastic. (43)

If a voltage source Vω at frequency ω is placed across the quartz crystal filled capacitor, then
the dissipated power P(ω) = |Vω |2ℜeY(ω) is mostly due to a sharp phonon peak as described by
Eq.(43). The dissipative power mostly goes into phonon radiation from the quartz mechanical oscillator
that becomes a source of ultrasound at a sharp frequency. Let us now apply similar thermodynamic
arguments to long DNA and RNA molecules as we have above reviewed for standard ultrasonic
crystal sources.
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2.2. DNA and RNA Piezoelectricity

For describing the piezoelectric effect in DNA and RNA molecules, start from the dipole moment
enthalpy

W̃ = min
Q

[
U (S,L,P ,N1, . . . ,N f )− EP

]
,

W̃ = W̃(S,L, E,N1, . . . ,N f ),

dW̃ = TdS + τdL−PdE +
f

∑
a=1

µadNa,

W̃ = TS + τL+
f

∑
a=1

µaNa. (44)

With N = ∑
f
a=1 Na. The intensive per constituent particles are defined as

xa =
Na

N ,
f

∑
a=1

xa = 1,

w̃ =
W̃
N , s̃ =

S̃
N , l =

L̃
N , p̃ =

P̃
N = lQ,

w̃ = Ts̃ + τl +
f

∑
a=1

µaxa, (45)

in vitue of which

dw̃ = Tds̃ + τdl − p̃dE +
f

∑
a=1

µadxa. (46)

2.2.1. Static Piezoelectricity

The static adiabatic piezoelectric coefficient of a long polymer molecule is defined as

λs̃ =

(
∂τ

∂E

)
s̃,l,x

= −
(

∂ p̃
∂l

)
s̃,E,x

, (47)

wherein a Maxwell relation implicit in Eq.(46) has been employed. Two molecular polarizability
coefficients may be defined (i) at constant molecular tension τ and (ii) at constant molecular length l;
They are, respectively,

ατ =

(
∂ p̃
∂E

)
s̃,τ,x

and αl =

(
∂ p̃
∂E

)
s̃,l,x

. (48)

The difference in partial differentials is evidently

ατ = αl +

(
∂ p̃
∂l

)
s̃,l,x

(
∂l
∂E

)
s̃,τ,x

,

ατ = αl −
(

∂ p̃
∂l

)
s̃,l,x

(
∂l
∂τ

)
s̃,E,x

(
∂τ

∂E

)
s̃,l,x

,

ατ = αl +
λ2

s̃
κs̃

, (49)

wherein the Hooke law adiabatic spring constant κs̃ per molecule for a long molecule is defined by

κs̃ =

(
∂τ

∂l

)
s̃,E,x

. (50)
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The fundamental thermodynamics for piezoelectricity in long DNA or RNA molecular polarizability,

ατ = αl + αelastic wherein αelastic =
λ2

s̃
κs̃

, (51)

plays the same role in long polymer piezoelectric physics that Eq. (40) plays for quartz piezoelectricity.
Classical thermal fluctuations in the molecular tension obey

∆τ2 =
kBT
N

(
∂τ

∂l

)
s̃,E,x

= kBT
( κs̃

N

)
,

∆τ2 = kBT
(

∂τ

∂L

)
S ,E,N1,...,N f

= kBTKS , (52)

wherein the overall adiabatic spring constant of the molecule is inversely proportional to the number
of constituent molecules KS = κs̃/N . On the other hand, the mode mass for a homogeneous slinky-
worm oscillation is extensive, M = Nm0, where m0 is the order of the mean molecular mass. This
means that the frequency of the homogeneous compression mode is given by

Ω =

√
KS
M =

ω0

N → 0 as N → ∞. (53)

Given the virtually zero frequency of the homogeneous longitudinal dissipation, the mode is com-
pletely dissipative.

2.2.2. Vibrational Dissipation

For mechanical vibrations coupling into antennae currents via piezoelectric coefficients, an
engineering approach may generalize the static quartz oscillator coupling Eq.(40) that in dynamic
situations reads as Eq.(41). The close analogy is that the dynamic engineering dynamical version of
Eq.(51) is given by

ατ = αl + αelastic ∑
j

[
f jω

2
j

ω2
j − iΓj − ω2

]
, (54)

wherein the sum is over mechanical modes described by damped harmonic oscillators with oscillator
strengths f j > 0 that sum to unity, i.e., ∑j f j = 1. In Eq.(54), ωj represents the mechanical resonance
frequency of the phonon and Γj represents the transition rate per unit time that the phonon is absorbed
as heat energy into other degrees of freedom. One may introduce a damping force correlation time τj of
the random force from these other degrees of freedom that damp the mechanical oscillation according
to Fermi’s golden rule

Γj =
2π

h̄
|h̄ωj|2

(
τj

2πh̄

)
,

Γj = ω2
j τj ⇒

Γj

ωj
= ωjτj. (55)

Eq.(54 describes how the mechanical modes enter into the electrodynamic properties of DNA and
RNA antennae only if the modes are lightly damped, ωjτj ≪ 1. If the phonon modes are very highly
damped by viscous forces then Eq.(54) is not adequate. The physical principles follow below.

Consider the original Stokes problem i.e., damping from a solid surface in contact with a viscous
fluid. Consider the formally infinite surface problem wherein the solid is in the half space z < 0, the
viscous fluid is in the half space z > 0, and the oscillation of the solid surface is in the x-direction. If
vx(z, t) is the only non-zero fluid velocity component in the fluid mechanical Navier Stokes equations,
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then the velocity V(t) and the force per unit area that the fluid exerts on the solid surface F(t) obey,
respectively,

V(t) = lim
z→0+

vx(z, t) and

F(t) = −η lim
z→0+

(
∂vx(z, t)

∂z

)
. (56)

The velocity diffusion equation with viscosity η and mass density ρ is here written within the fluid as

ρ
∂vx(z, t)

∂t
= η

∂2vx(z, t)
∂z2 . (57)

In virtue of the fractional derivative identities[35] one may take the “operator square root” of Eq.(57)√
ρ

∂

∂t
vx(z, t) =

√
η

∂vx(z, t)
∂z

, (58)

yielding the force per unit area as a functional of the sliding surface velocity,

F(t) = −√
ρη

[√
∂

∂t

]
V(t),

F(t) = −√
ρη

[√
1
π

∫ ∞

0

ds√
s

e−s∂/∂t

]
V(t),

F(t)
ρ

= −
√

ν

π

∫ ∞

0

ds√
s

V(t − s), (59)

wherein η = ρν in virtue of Eq.(56) and the evaluation of the integral
√

πa =
∫ ∞

0 e−asds/
√

s.
The drag force per unit surface area [F(t)] is a nonlocal in time functional of the surface velocity

V(t) for an incompressible fluid with kinematic viscosity ν. The kinematic viscosity represents the
diffusion of liquid vorticity at a rate in water of

ν ≈ 10−2 cm2

sec
= 104 Hz × (10 micron)2 (water). (60)

For a distance ∼ 10 micron say within a biological cell, for many types of cells, the mechanical modes
exhibit strongly viscous damping for frequencies ω < 10 kHz. The strong damping leads to fractional
exponent in the imaginary part of the dielectric response ∼ ω−1/2 as ω → 0. Confinement geometries
more generally lead to dynamic fractional exponents ∼ ω−z as ω → 0, even in pure water wherein the
extremely high dielectric response as ω → 0 has a domain size scale of ordered water[21,33].

3. Massive QED Thirring Model
The mass term employing Dirac spinors yields the invariant energy density

umass = −melectronc2ψ̄ψ, (61)

wherein ψ is the electron wave function. If the Dirac matrices are written in the representation in
which the left and right chiral matrix is diagonal, then the notion of mass comes from matrix elements
that connect right to left chirality. In one spatial dimension, fix the spin and consider the two-element
electron wave function for left- and right-handed electrons,

ψ =

(
ψR

ψL

)
where ψ̄ψ = ψ∗

RψL + ψ∗
LψR. (62)
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If the left and right amplitudes have phases,

ψR,L = |ψR,L|eiθL,R ≡
√

npair

2
eiθL,R ,

ψ∗
RψL + ψ∗

LψR = npair cos(θR − θL), (63)

where npair = (1/2)|ψRψL| denotes the number of bound particle-hole pairs per unit length. Then the
phase difference implicit in Eq.(62)

θR − θL = 2π
Q
e

, (64)

yields the energy density

umass = −h̄ω cos
(

2π
Q
e

)
(65)

in virtue of quantum phase interference between the left- and right-handed chirality states. In Eq.(65),
melectronc2npair = h̄ω. A convention adds a constant to this energy to make a model energy density
u(Q),

u(Q) = h̄ω

[
1 − cos

(
2π

Q
e

)]
, (66)

to employ in the Coleman sine Gordon Lagrangian Eq.(18). This completes our derivation of Coleman’s
result that a massive Thirring Fermion model of electrons in a quasi-linear system is equivalent to a
sine Gordon Boson model.

4. Slinky Damped Mechanics of the Longitudinal Sound Mode
Here we consider the viscous damping of a pure longitudinal wave in a slinky helix. The viscous

damping is mainly due to the electronic viscosity that is in turn caused by the electrical conductivity.
The molecular ultrasonic phonon absorption is thereby due to the electronic Landau-Fermi liquid
conductivity in a bulk metal[36] but is here is due to the Tomonoga-Luttinger[18–20] liquid in DNA or
RNA long helical slinky polymer molecules. Thermodynamics, as dictated by Sec.2.2.1, is determined
by

dũ = Tds̃ + Edp̃ +
f

∑
a=1

µadxa,

dw̃ = Tds̃ + τdl − p̃dE +
f

∑
a=1

µadxa, (67)

yielding the thermodynamics identity

κs̃ =

(
∂τ

∂l

)
s̃,E,x

,

κs̃ =

(
∂τ

∂l

)
s̃,p̃,x

+

(
∂ p̃
∂l

)
s̃,E,x

(
∂τ

∂ p̃

)
s̃,l,x

,

κs̃ = κs̃l +

(
∂ p̃
∂l

)
s̃,E,x

(
∂τ

∂E

)
s̃,l,x

(
∂E
∂ p̃

)
s̃,l,x

,

κs̃ = κs̃l −
(

∂τ

∂E

)2

s̃,l,x

(
∂E
∂ p̃

)
s̃,l,x

,

κs̃ = κs̃l −
(

λ2
s̃

αl

)
. (68)
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To get the frequency dependent Hooke’s law force constant for a uniform compression or extension in
electrical engineering terms, one extends Eq.(68) to the upper half complex frequency plane ζ = ω + iω
wherein ω > 0,

κ(ζ) = κs̃l −
(

λ2
s̃

αl(ζ)

)
. (69)

In terms of the electrical engineering intensive impedance Z(ζ) of the polymer DNA or RNA chain,

Z(ζ) =
i

ζnelα(ζ)
,

κ(ζ) = κs̃l + iζnelλ
2
s̃Z(ζ), (70)

where nel is the electron density per unit length of the chain. The ultrasonic attenuation of the thin
molecule is determined by

ℑmκ(ω + i0+) =
(

nelλ
2
s̃

)
ωℜeZ(ω + i0+) (71)

that constitutes the mathematical expression of the physical fact that the piezoelectric coupling
allows one to see in the longitudinal sound attenuation, observable by the electrical antenna impedance
Z(ω + i0+).

5. Microbe Community Antennae
Microbial communities in the form of films adsorbed on solid substrates live much longer on

insulating surfaces than on conducting metallic substances. For example, a community of COVID-19
viruses live typically for a few days on an insulator surface but only a few hours on a metallic surface.
This fact makes metallic material insertions of for example copper into cloth hospital face masks of some
utility. Microbial communities of electrogenic bacteria adsorbed on a chemical battery cathode employ
an insulating adsorption surface although the battery lead cables are eventually metallic. A working
hypothesis is that the community of microbes require for healthy living that DNA and RNA antennae
within the community constitute a coherent phased array. The dissipative eddy currents within a metal
surface will lessen the coherence of the array of antennae. Since the art of experimental biochemistry
is closely entwined with the art of fine cooking, those experienced in baking bread should take note
that baking yeast has DNA antennae of comparable size to bacteria. Spectroscopic measurements with
a radio frequency spectrum analyzer while living processes are under way would be of interest as
would other standard Josephson array measurements long understood for superconducting arrays.

Finally, we note the possibility for large electrically connected bacteria communities (say, of
millimeters or centimeter scales) of a creation of classical resonating antenna in the order of (30 − 300)
GHz (upper end of radio wave frequencies), depending upon the exact size & shape of the community
as well as nature of electrical connections within it. See, also the query raised in reference [6].

6. Some Practical Applications
All (past and present) therapeutic methods aimed at the detection or treatment of coronavirus are

based on chemicals. We test for it (positive or negative) chemically and hope to cure it with a future
vaccine (a chemical/genetic preparation yet to be universally tested).

If and when the virus mutates, another set of chemical protocols for its testing and a hunt for new
chemicals as a vaccine shall begin: again and again. But the history of modern medicine tells us that
our bio-technology is not so limited.

As discussed here, copious scientific evidence for sonic and low energy electromagnetic signals
produced by all biological elements (virus, DNA, bacteria, parasites, cells, etc.) exist; in turn the
biological elements are affected by these non-chemical signals as well. A focussed research on distinct
sonic & EM signals emitted by life forms can be an important non-invasive weapon in tracing unwanted
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life forms and a knowledge of their intensity and frequency providing important clues towards their
removal. Hence, the objective of the present proposal that is stated below:

Measurements and a catalogue of the intensity and spectrum of these non-chemical signals (along
with their careful analysis) is proposed here as a unique biophysical signature of the particular life
form. Also, if and when a life form mutates, both the intensity and the frequency of the emitted signal
change. Hence, such measurements would provide a dynamic real time recording of the status of the
life form. Depending upon the intensity and their frequency, appropriate strategies can be defined for
their removal. The relevance of the proposal for the past Covid CV-19 pandemic and its future avatars
is obvious.

The sonic frequency of the virus (along with its intensity) can provide its heartbeat and act as a
tracing device regarding the nature of the virus in a patient (even if judged asymptomatic through
bio-chemical analyses). Ideally, just as the present day pulse and the heartbeat chart (typically between
0.6 − 2 Hertz) or the brain wave chart (δ, ϑ, β, α)- waves, spanning between (3 − 30) Hertz and slightly
above for gamma- waves) inform a clinician about the status of the general regulatory system of the
patient, so can the intensity & the frequency spectrum of a virus (at much higher radio frequencies, in
kilo, mega or giga Hertz range), provide yet another useful tool of clear benefit for the clinician and
hopefully the patient.

Methodology for measurements of sonic & EM signals -discussed in the present paper- are three
fold: (i) absorption of EM radiation by the life form tells us where the peak in frequency is; after
which employment of resonant absorption can reduce by a factor of (2 − 15) the amount of radiation
required for the removal of unwanted life forms to fall within safety standards; (ii) a designed digital
impedance device to cross check against data in (i) above; (iii) in vitro and in vivo animal testing models
in collaboration with a company specializing in preparation of vaccines in several locations around the
world.

7. Conclusions
Electrogenic micro-organisms live within environments wherein they are wired to one another or

are wired to the environmental surfaces. Electronic currents can flow through these wires into and
out of biological cells through the cell walls. Of interest in the work described above was the wireless
communication that can be radiated from a distance into and out of biological cells wherein the DNA
or the RNA molecules can act as antennae that receive or emit radio frequency electromagnetic signals.
Alternative to the chemical information carried in the DNA or RNA letter coding, communication
information can be carried from a distance in the form of thermodynamic radiation signal entropy.
Due to biological piezoelectricity, the electromagnetic radiation is appreciably coupled into ultrasonic
acoustic radiation. Thus, electromagnetic as well as acoustic spectroscopy is evidently possible.

The helices or double helices, respectively, within RNA and DNA exhibit chiral symmetry
breaking (handedness) as must the electronic energy structure. The electronic structure must also
properly require chiral symmetry breaking. The electron as an elementary particle carries two possible
spin states ↑ or ↓ as well as two chiral states right R or left L. Thus, we argued, as discovered by Dirac,
the electron requires a four-component spinor for its description. These four components are required
for describing chiral symmetry breaking even if the electrons have kinetic energies small on the scale
of the electron rest mass energy.

DNA and RNA as long polymer molecules are quasi one dimensional. This, coupled with the
chiral symmetry breaking, suggested that the electronic structure has the structure of a Tomonaga-
Luttinger liquid wherein the particle-hole bound states. The bound state of an electron particle-hole
pair is a Boson and the Tomonaga-Luttinger liquid is a condensation of these Bosons in a manner closely
analogous to the Bose condensation of particle-particle or hole-hole bound states in a superconductor.
In a superconductor the phase of the Bose pairing field gives rise to Josephson effects. In the biological
Tomonaga-Luttinger electron liquid we employed the phase difference between right- and left-handed
electron components to describe the quantum coherence leading to Josephson effects. In both cases
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the Josephson effects lead to a quantum pendulum, i.e., a sine Gordon boson field model as first
demonstrated by Coleman. The physical principle involved is that Josephson effects occur whenever
the coherent quantum liquid is forced to flow through weak links, quantum pendulum dynamics
holds sway.

We have begun what we hope will be the beginning of the study of wireless electrodynamic
communication between biological cells starting with (say) bacteria or viruses that have DNA or RNA
within the cell nucleus. The basic DNA and RNA microbe antennae must be wired in nature as a
biological community of coherent phased antenna arrays for appreciable communication information
bit-rates radiated through large distances. Arrays of biological weak links might serve that purpose.

References
1. A. A. Abrikosov, I. P. Gorkov, and I. E. Dzyaloshinski, “Methods of Quantum Field Theory in Statistical

Physics”, Dover Publications, New York (1968).
2. J. K. Percus, “Mathematics of Genome Analysis,” Cambridge University Press, Cambridge (2001).
3. L. D. Landau and E. M. Lifshitz, “Electrodynamics of Continuous Media,” Pergamon Press, Oxford (1984).
4. L. D. Landau and E. M. Lifshitz, op. cit., see for example Sec. 52, Eq. (62.10).
5. N. Manton and P. Sutcliffe, “Topological Solitons,” Cambridge University Press, Cambridge (2004).
6. Y. N. Srivastava, J. Swain, A. Widom, M. Narain, G. de Montmollin and E. Sassaroli, “Non-chemical

signatures of biological materials: Radio signals from Covid19?,” Electromagn. Biol. Med. 39, 340 (2020).
7. A. Widom, J. Swain, Y.N.Srivastava, S. Sivasubramanian,“Electromagnetic Signals from Bacterial DNA”,

arXiv:1104.3113v2 [physics.gen-ph] 9 February 2012.
8. L. D. Landau and E. M. Lifshitz, op. cit., Sec. 91.
9. A. Teskea, “Cable Bacteria: Living Electrical Conduits in the Microbial World,” Proc. Natl. Acad. Sci. 116,

18759 (2019).
10. G. Reguera, “Biological Electron Transport goes the Extra Mile,” Proc. Natl. Acad. Sci. 115, 5632 (2018).
11. L. Kiseleva, J. Briliute, I. V. Khilyas, D. J. W. Simpson, V. Fedorovich, M. Cohen, and Igor Goryanin, “Magnet-

Facilitated Selection of Electrogenic Bacteria from Marine Sediment,” BioMed Res. Int. 2015:582471 (2015).
12. Y. A. Gorby, et al. “Electrically Conductive Bacterial Nanowires Produced by Shewanella Oneidensis Strain

MR-1 and other Microorganisms,” Proc. Natl. Acad. Sci. 103, 11358 (2006).
13. Z. Naureen, et. al., “Generation of Electricity by Electrogenic Bacteria in a Microbial Fuel Cell Powered by

Waste Water,” Adv Biosci Biotechnol 7, 329 (2016).
14. L. Montagnier, J. Aïssa, S. Ferris, J. L. Montagnier, and C. Lavallee, “Electromagnetic signals are produced by

aqueous nanostructures derived from bacterial DNA sequences," Interdiscipl. Sci., Comput. Life Sci., vol. 1, no.
2, pp ;81-90, Jun. 2009.

15. N. Barani, K. Sarabandi, N. Kotov, J. Vanepps, P. Elvati, Y. Wang and A. Violi, A Multiphysics Mod-
eling of Electromagnetic Signaling Phenomena at KHz-GHz Frequencies in Bacterial Biofilms, IEEE Access
https://ieeexplore.ieee.org/document/9749281

16. J. J. Telega and R. Wojenar, “Piezoelectric Effects in Biological Tissues,” J. Theor. Appl. Mech. 40, 3 (2002).
17. M. Shamos, and L. Lavine, “Piezoelectricity as a Fundamental Property of Biological Tissues,” Nature 213,

267 (1967).
18. S. Tomonaga, “Remarks on Block’s Method of Sound Waves Applied to Many Fermion Problems,” Prog.

Theor. Phys. 5, 544 (1950).
19. J. M. Luttinger, “An Exactly Soluble Model of a Many Fermion System,” J. Math. Phys. 4, 1154 (1963).
20. D. C. Mattis and E. H. Lieb, “Exact Solution of a Many Fermion System and Its Associated Boson Field,” J.

Math. Phys. 6, 304 (1963).
21. G. Preparata, “QED Coherence in Matter,” World Scientific Publications, Singapore (1995).
22. S. Coleman, “Quantum sine-Gordon equation as the massive Thirring model,” Phys. Rev. D 11, 2088 (1975).
23. W. P. Su, J. R. Schrieffer, and A. J. Heeger, “Solitons in Polyacetylene,” Phys. Rev. Lett. 42, 1698 (1979).
24. A. J. Heeger, S. Kivalson, J. R. Schrieffer, and W. P. Su, “Solitons in Conducting Polymers,” Rev. Mod. Phys.

60, 781 (1988).
25. R. Jackiw, and C. Rebbi, “Solitons with Fermion Number 1/2,” Phys. Rev. D 13, 3398 (1976).
26. E. Meier, F. An, and B. Gadway, “Observation of the Topological Soliton State in the Su Schrieffer Heeger

Model,” Nat. Commun. 7, 13986 (2016).

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 August 2025 doi:10.20944/preprints202508.1773.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202508.1773.v1
http://creativecommons.org/licenses/by/4.0/


19 of 19

27. A. Marantan, and L. Mahadevana, “Mechanics and Statistics of the Worm-Like Chain,” Am. J. Phys. 86,
(2018).

28. R. W. Ogden, G. Saccomandi, and I. Sgura, “On Wormlike Chain Models within the Three-Dimensional
Continuum Mechanics Framework,” Proc. Roy. Soc. A 462, 749 (2006).

29. W. Kühnel, “Differential Geometry: Curves, Surfaces, Maniforlds,” AMS, Providence (2005).
30. M. Doi, and S. F. Edwards, “The Theory of Polymer Dynamics,” Oxford University Press, Oxford (1988).
31. X. Li, M. C. Schroeder, and K. D. Dorman, “Modeling the Stretching of Wormlike Chains in the Presence of

Excluded Volume,” Soft Matter 11, 5947 (2015).
32. L. D. Landau, and E. M. Lifshitz, “Theory of Elasticity,” Pergamon Press, Oxford (1970).
33. E. Del Guidice and G. Preparata, Proc. Int. Conference on Macroscopic Quantum Coherence, E. Sassaroli,

Y. Srivastava, J. Swain, and A. Widom, Editors, “A New QED Picture of Water: Understanding a Few
Fascinating Phenomena,” World Scientific, Singapore (1997).

34. A. B. Bhatia, “Ultrasonic Absorbtion,” Oxford University Press, Oxford (1967).
35. K. Diethelm, “The Analysis of Fractional Differential Equations: An Application-Oriented Exposition Using

Differential Operators of Caputo,” Springer, Berlin (2010).
36. A. B. Bhatia, ibid, Chapt. 12.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 August 2025 doi:10.20944/preprints202508.1773.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202508.1773.v1
http://creativecommons.org/licenses/by/4.0/

