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A quantum chain model of multiple molecule motors is proposed as a mathematical physics theory for the microscopic
modeling of classical force-velocity relation and tension transients in muscle fibers. The proposed model was a quantum

many-particle Hamiltonian to predict the force-velocity relation for the slow release of muscle fibers, which has not yet

been empirically defined and was much more complicated than the hyperbolic relationships. Using the same Hamiltonian
model, a mathematical force-velocity relationship was proposed to explain the tension observed when the muscle was
stimulated with an alternative electric current. The discrepancy between input electric frequency and the muscle oscillation
frequency could be explained physically by the Doppler effect in this quantum chain model. Further more, quantum

physics phenomena were applied to explore the tension time course of cardiac muscle and insect flight muscle. Most of the

experimental tension transient curves were found to correspond to the theoretical output of quantum two- and three-level

models. Mathematical modeling electric stimulus as photons exciting a quantum three-level particle reproduced most of
the tension transient curves of water bug Lethocerus maximus.

Keywords: physics model of muscles fibers, cooperative molecule motors, force-velocity relationship, quan-

tum chain model
PACS: 87.19.Ff, 42.50.Nn, 79.60.—

1. Introduction

Muscles are comprised of bundles of cylindrical muscle
fibers. One muscle fiber contains hundreds of thinner cylin-

drical fibers called fibrils. A fibril is a train of sarcomeres
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light microscopy, is a composite structure of actin filaments
and myosin filaments (Fig. 1). These two filaments are bridged
by long myosin proteins called myosin molecule motors (see
Refs. [1] and [2] or a biology textbook for a more detailed

connected from head to tail. The sarcomere, as observed by  review).
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Fig. 1. Longitudinal section of a filament array in muscle fibers. Myosin molecules are long polymers that act as cross-bridges between

actin filaments and myosin filaments.

The length of a sarcomere decreases during muscle con-
traction. Huxley modeled muscle contractions as mutual
movement between actin filaments and myosin filaments."!
When the myosin molecule in the myosin filaments is excited,
attaching to the actin filament, a myosin molecule will com-
bine with adenosine triphosphate, and convert energy from
adenosine triphosphate hydrolysis into mechanical force —
this is the attached state. In the detached state, the myosin

molecule is at rest and does not function. The arrangement

of myosin molecules along the length of the filament is vari-
able.

co-operative behaviors of molecular motors which have a dis-

A stochastic model was introduced to describe these

ordered arrangement along the backbone.[*! Experimental re-
search has progressed beyond the description of the classical
mechanics two-state cross-bridge model®! which assumed the
probability of the two states, i.e., the detached state and the
attached state, satisfy a pair of coupled differential equations.

Myosin molecules resemble long arms ending with a head
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domain. The myosin in muscle cells is usually called myosin-
II, owing to its two heavy chains in the head domain. A second
type of myosin molecule with a single heavy chain has been
found in non-muscle cells, this molecule is called myosin-I.
The average length of myosin-II is about 160 nm.[*! Visible
light corresponds to a wavelength range of 400 nm—700 nm.
The electromagnetic wavelength comparable to the length of
myosin-II falls in the ultraviolet region.

Muscle fibers are surrounded by membranes, which are
under the control of nerve cells. The membrane acts as a fil-
ter system that is permeable to certain ions but impermeable
for other ions. The imbalance in ions across the membrane re-
sults in an electric potential difference between —60 mV and
—90 mV. The electric signals from nerve cells can modify the
permeability of the membrane. An active muscle will gener-
ate an electric signal. Scientists can use this electric signal as
a measure of the tension inside the muscle. If we insert a nee-
dle with two fine-wire electrodes into the muscle, the electric
activity of the muscle can be detected and recorded by an oscil-
loscope. Such electromyograms are widely used for medical
examinations of muscles.

Electromagnetic waves are called photons in quantum
mechanics. The electric signal generated by active muscle is
physically equivalent to a wave packet of photons. Quantum
scattering between photons and molecules within a biological
system is a common phenomenon and has been shown to occur
in muscle. Molecules only absorb photons at resonance fre-
quency. Therefore there must be a one-to-one correspondence
between conformational changes in motor molecules and the
transition between quantum states of a molecule. The excited
quantum level can be defined as the attached states in which
the motor molecule was extended to a longer shape. The de-
tached state was assumed to be equivalent to a quantum state
with a lower energy. The motor molecule becomes shorter
in the detached state. In addition to the two quantum states
of molecules, another quantum state of photons is thought to
induce the transition between the two quantum level. Pho-
tons can propagate among different molecules. Such photons
couple different motor molecules to work together. Quantum
physics has many techniques to control quantum states, thus
it is possible to control the conformation of molecule motors
using electromagnetic waves.

Muscle fibers can also be stimulated by chemical solu-
tions characterized by complicated biochemistry.”! Although
a prior study described chemical reactions in muscles using
quantum mechanics,[®! this model is different from the model
proposed in this text. Specifically, the time scale in the cur-
rent model is much larger than the chemical reaction. Here I
have focused only on the electrical stimulation of muscle fibers

without adding any external chemical solutions. To make this

mathematical physics model work in a real muscle fiber sys-
tem, the following assumptions were necessary. First, the
strength of electric field should be so strong that it dominates
the conformation of molecules over thermodynamic fluctua-
tions. Second, for muscle fibers not exposed to external stim-
ulation by chemical ions, the conformational change in mo-
tor molecules governed by the electromagnetic field is much
larger than that induced by chemistry. This is because the
electric field is distributed across the whole space and it ex-
erts a global force on the motor molecules. While chemical
ions only interact with molecules locally, they do not function
unless they find the correct binding site. Finally, the spatial
conformation of motor molecules can be modified by concen-
tration of some chemical ions.

In this text, muscle fibers have been simplified into a one
dimensional chain of many giant quantum particles which rep-
resent molecule motors. The velocity of a sliding actin fila-
ment acts as an environmental parameter. These giant quan-
tum particles are excited by absorbing photons and relaxed by
emitting photons. In the proposed model, these particles were
arranged regularly along a one-dimensional chain. The wave-
length of the stimulus electromagnetic pulse was assumed to
be much larger than a sarcomere. The configuration of spa-
tial arrangement within a sarcomere was expected to have no
influence on the output physics.

This article is organized as follows:

In Section 2, the quantum Hamiltonian for deriving anal-
ogous force—velocity relationships with respect to the corre-
sponding macroscopic quantity is described. The empirical
Hill’s relationship is consistent with the steady solution of
Heisenberg equations. The force—velocity relationships for
slow release cases and the non-steady-state solutions were pre-
dicted. In Section 3, the mechanism through which the force
decays after stimulation with an electric pulse is examined.
The exact solution of a quantum two-level model reproduced
similar tension activation curves in cardiac muscle. The ana-
Iytical solution of a quantum three-level model could gener-
ate most similar curves of tension transients for insect flight
muscle. In Section 4, the tension transient curve of skeletal
muscle is mathematically in the context of quantum coher-
ent state. The experiment curve coincided with the third-order
projection of the coherent state. In Section 5, the self-coupled
quantum Hamiltonian for solving strongly coupled differen-
tial equations is derived. For this case, the sliding velocity
depended on the internal states of the motor molecule. The

last section provides a brief summary and outlook.

128708-2



Chin. Phys. B Vol. 24, No. 12 (2015) 128708

2. The force—velocity relationships derived from
the quantum Hamiltonian model

In muscle release experiments, the two ends of the mus-
cle are fixed at the resting length. Electric pulses with different
frequencies are superimposed to develop tension in the mus-
cle. In quick release experiments, one end of the muscle is set
free quickly. For slow release experiments, the length of the
muscle is shortened with one end of the muscle oscillating or

e~

moving under specific control within a relatively longer time
interval. The tension—velocity relationship is the relationship
between two macroscopic quantities. In the following text, the
force is expressed as a microscopic density operator, while the
velocity is considered a macroscopic parameter. The veloc-
ity of contraction was assumed to be controlled by the density
of some ions in the solution. Only the excitation and decay

processes of muscle were modeled.

Nload

) |a) |ay
® © o o /0/—0—/0/
|b)

|a)
/—0——0— o e
v 741 |b) |b)

A~ . )

Fig. 2. A one-dimensional chain of quantum two-level particles. Each particle represents one myosin molecule motor.

2.1. Force-velocity relationship for the quick release of
muscle

The myosin molecule motor could be characterized as a
multi-level quantum particle. One eigenstate of the particle
with respect to each level represents one conformation. In the
excited state |a), a myosin molecule is attached to the actin
filament. In the ground state |b), the quantum particle is at rest
in the myosin filament. One photon may excite the quantum
particle from the ground state to the excited state. The par-

ticle hops from state |a) to state |b) by emitting one photon.
The quantum representation of the mutual sliding movement
between the actin filament and myosin filament is character-
ized by elimination of one quantum state on one lattice site
and generation of the same quantum states at the next nearest
neighboring lattice site. Because the sliding motion has only
one direction, switching two neighboring lattice sites would
result in a negative hopping operator. The quantum Hamilto-
nian of this one-dimensional chain (Fig. 2) is unitary,

iv
H= Za)ﬂa)i,i(a\ + @ |b);i(b] + gap|a)ii (bl + gvalb)iifal + . [la)i(aliz1 +|b)i(blix1 — |a)is1(ali — |b)is1(bli], )
l

where s is the unit lattice spacing, and v is the absolute slid-
ing velocity. The hopping coefficient g, (f) = p,E(t) is the
electric field. The symmetric coupling coefficients g, () =
gpa(t) = g were usually chosen. This Hamiltonian was neither
single-particle Hamiltonian nor a tight-binding model. For the
particle at lattice site i, the probability of being in the excited
level |a); was measured by the density operator, |a); ;{a| = pl,.
p}, = |b)ii(b| defines the probability of being in state |b);.
pi, = |a)i;(b| is proportional to the complex dipole moment.
The probability density function was not independent and had
to satisfy the constraint p/, + pl’;b =1.

The time evolution of the density operators were gov-
erned by the equation of motion, p = —ih~![H,p]. For the
given Hamiltonian (1), the equations were

. . . . . y .
(af +Vax)péa = n2 + lgahpzlzb_lgh(lp}lm - 2Epéa)

' . i i Vi
(at + Vax)péb = ng + 18baPpa—18abPgap — 2prb7 (2)
(0 + V)Pl = 18ab (Phy — Pha) —1ADIPL,
Vv o
- ngtllfﬂ 3

where Aw; = @] — a)l.b is the energy difference between the

two states. At time #p and position zg, the initial numbers of
molecular motors in state | @) and | b) are denoted as n0 and
n) respectively, both n) and n) are functions of the velocity v.
In the steady state, the probabilities of both of these states are
constants. Applying the steady-state constraints of 9,p., = 0
and 8,p£b = 0 on the equations of motion, i.e., Eq. (2) and
Eq. (3), would yield an equality of probability distribution and
velocity (detailed calculations are presented in Appendix A as
follows:

B Nisln, — ng]

(T~ 3 sk = Molerbl g

where R(v) is the complicated function of velocity,

1 P2E?
Rv) = —— 02 S
0 =P 6 val,
42 /52
G. / 5)

B 412 /s2 + (0 — fpthkv)?

where k = w/c, c is the speed of light. f, is the frequency of
the stimulatory electric pulses, and N is the total number of

particles. The tension of the one-dimensional chain was de-
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fined as the total number of particles in the excited state,
Tension = Z p:;a, (6)
i

where ¥ is a renormalization coefficient, set as y = 1 for con-
venience. In excited state, myosin is attached to the actin
filament. As an increasing number of myosin molecules are
excited, the physical bonds between the actin filaments and
myosin filament become stronger. The maximal tension was
determined by the total number of particles, Tensiony,x = M,
i.e., all particles are excited to connect the two filaments.

The existence of a maximal tension value was consistent
with experiment measurements. If one applies a single elec-
tric shock across the membrane, the tension of the muscle fiber
first increases from zero to a transient maximal point and then
decays to zero. The electric shock is an energy packet with a
finite number of photons. Suppose the energy packet contains
N, photons, and N, < M. This would allow for maximum exci-
tation of N, molecular motors. Additionally, the motor would
be actively decaying and emitting photons. If N; photons are
sent into the muscle at one time before any decay process, all
the molecules will be excited, and the muscle will reach the
maximal tension state. A certain amount of time is always re-
quired for the muscle to consume all the photons, and more
photons must be added to account for filling the loss of pho-
tons by decay.

The relationship between the total probability density
and velocity obtained for the steady state, i.e., Eq. (4), was
found to be quite similar to Hill’s empirical force—velocity
relationship.’! In the case presented here, the physical ori-
gin of every parameter was known. Although the complex
function R(v) was included in Eq. (4), the tension—velocity
curve exhibited a hyperbolic shape, and the tension decreased

with increased velocity (Fig. 3). The equations of motion, i.e.,
Eq. (2) and Eq. (3), suggested that the velocity was actually a
decay coefficient. Thus, greater velocity would lead to more
rapid decay, and the number of physical bonds connecting the
two filaments would decrease as the velocity increased. This
result provided a natural explanation for the experimental re-

sults.
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Fig. 3. (color online) Numerical plot of the tension—velocity relation-
ship according to Eq. (4).

2.2. The equation of motion for the slow-release model

In addition to the decay induced by mutual sliding move-
ment, spontaneous decay due to thermal fluctuation and vac-
uum fluctuation has also been observed. When considering
spontaneous decay, the equation of motion for the density op-
erator is given by

i 1
p=—7IH.pl—51Ip}, @)

where I" is the friction tensor, I}; = ¥;8;;. This equation of mo-
tion was similar to that of quick release,

(0 +v0y)Phy = 19+ i8abPry—i8baPhy — VoPra:
(dr+ Vax)plib = I’lg + igbap}l;a_igabpzih - %;pll;h’ ®)
(9 +v0:)Pap = i8ab(Phy — Pia) —1ADiPL — Yo Py ©)

where Aw; = ©f — @?, ¥, = 5(¥,+%). The decay coeffi-
cients of velocity now became the composition of velocity and
spontaneous decay coefficients,

= Q24+%), 1= +m). (10)

For the steady state, d;p.,, =0, 9,p}, = 0, the equation describ-
ing the relationship between the excited state density operator
and the composite decay coefficients is

(sz;azt)[y’é‘ﬁy RO = M NEL g
i a b

\
where An(z,v,1) = ndy, ' — ngﬁj*l is the initial probability
difference. R(v) is a complex function of velocity,

]pZEZ 3
R(v) = 3 thn Yoy (G- +G],
2
Gt = it (12)

V3 + (0 — futkv)?

If the velocity term is much larger than the spontaneous de-
cay term, i.e., 2v/s > 7,7, one ignores spontaneous de-

cay, and equation (11) is then reduced to the former tension—
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velocity relationship described by Eq. (4). Therefore, equa-
tion (4) defines the force—velocity relationship for the quick
release of muscle. If the muscle is released slowly, the spon-
taneous decay may become as important as the velocity term,
2v/s = Y, Y. In that case, the tension—velocity relationship
should obey Eq. (11). Thus equation (11) is the general force—
velocity relationships for steady state. For non-steady state
conditions, it is necessary to solve the equations of motion to
determine how the excited state density operator evolves as a
function of velocity.

2.3. The tension—velocity relationship beyond the steady

state

The insect flight muscle oscillates far more rapidly than
the frequency of the input nervous impulse. A muscle is un-
able to expand, it only contracts. Muscle expansion is achieved
by contracting an opposing muscle. The oscillation frequency
of muscle is the frequency of the oscillation between the ex-
cited state and relaxed state. The ®¢|a); ;(a|+ @?|b); ;(b| terms
in Hamiltonian Eq. (1) describe two free harmonic oscillators
that are oscillating with frequencies ®® and @” respectively.
The ultimate output frequency of Hamiltonian Eq. (1) is reg-
ulated by the hopping term between the two levels and the
mutual sliding term. Fourier transformation on the density op-
erator,

al| 72 1ksl ak| |al
k

\f

—iksl
— lag), (13)
/ ;

was performed and equation (13) was then substituted into
Hamiltonian Eq. (1). The Hamiltonian equation could now
be written more briefly as,

H = Ho+ Y (8aplar) (bl + gpalbr) (al), (14)
%

r pOEO2 sin®[ (A — (2v/s) sin(ks) — f)t]

where Hy is the exactly solvable part for the regulated free os-
cillator,

Ho — Zk;{ [ % sin(ks) ) e
+ [m” - %Vsin(ks)} \bk><bk|}. (15)

The regulated oscillation frequency depends on the velocity
and momentum vector k. The free oscillation has a maximal

frequency and a minimum frequency,

(0" —2v/s) < (@"—(2v/s)sin(ks))
< (0% +2v/s). (16)

The band width for the existing free oscillation model is de-

termined by the sliding velocity. An oscillating electric field,

gav(t) = p,E(t) = p,Eocos(ft), (17)

would induce the hopping between two levels. The state vector

for the Schrédinger wave equation,

Ky(1)) = —in"Hlw(1)),

is written as

Y1) = Caexp|[—i(0f — 2 sin(ks))] o)

+Cpexp [—i(w,? - %sin(ks))t} b, (18)
The density operator is given by pX (1) = C*C,. Within rotat-
ing wave approximation, the terms that do not satisfy energy
conservation, such as d'|a);;(b| and d|b); ;{a|, are dropped.
The eigenstate density operator under the first order perturba-
tion of the hopping terms g, () is

aa 4h2 [Aa)*

where Aw = ®“ — w”. The non-steady state tension de-
creased following v—2 regulated by an oscillation factor. The
ultimate oscillation frequency of the tension includes three

sources,
= A® — (2v/s)sin(ks) — f. (20)

When the frequency difference of the two level vanishes,
Aw = 0, the output frequency is utterly dependent on the sum
of perturbation frequency and sliding velocity. The fast oscil-
lating ion flow of K™ and Na™ across the membrane causes

the potential to increase to +40 mV and restores its original

(2v/s)sin(ks)

i (19)

value within a few milliseconds.[”! This oscillation frequency
coincides with some muscle oscillations. Some insect flight
muscles contract 1000 times per second. Thus I hypothesize
that the output oscillation frequency of muscle has some possi-
ble relationships with the oscillation of ion flow. Certain insect
flight muscles can oscillate more rapidly than the frequency of
the input nervous impulse. Equation (20) indicated that the
output frequency depends not only on the frequency of the in-
put nervous impulse, but also on the sliding velocity and the

frequency difference between the two levels. The sliding ve-
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locity may increase the output oscillation frequency. The out-
put tension measured in the experiment is the superposition of
different oscillator modes,

Tension = pra (1). 1)
k

The two ends of the one dimensional muscle fiber are al-
ways attached to some tissues. If there are N + 1 particles
along the chain, the first and last particles are fixed. Because
sin(ks) in dispersion Eq. (20) is a periodical function, the in-
dependent standing wave modes is confined in the domain
(—m < ks < «). The allowed wave modes are

_r2w3x omm o (Ni— D7
_L7L7L7"'7 L?"'? L Y

where L is the length of one sarcomere. All particles are os-

(22)

cillating in a standing wave pattern with frequency . For
selected modes mmn /L, the phase difference between the near-
est neighboring particles is (mm/L)s. If the sliding velocity is
zero (v = 0), the standing wave mode is eliminated.

3. Quantum theory of tension transients under
stretch activation

Stretch activation involves lengthening of the muscle fiber
by an external force, or to release the fibers to certain length
within an extremely short period of time. The fibers are glued
between two glass rods, and one rod is attached to the anode
pin of a force transducer. The length and tension signals are
displayed on a double beam oscilloscope.®!

Both the myosin filament and actin filament are long heli-
cal chains. The basic structure of a myosin filament resembles
a golf club, and the filaments are entwined to produce a he-
lix with a diameter of about 15 nm. Actin filaments have a
double helix structure composed of globular protein. The lo-
cal electric charge distributions along the myosin chain and
actin chain are not homogeneous. Mutual sliding between the
myosin and actin chains would inevitably modify the local po-
tential configuration. Increasing or decreasing the local po-
tential barrier would induce the transfer of electrons among
different energy levels. Many photons are generated within
a very short time. Stretch activation by mutual sliding move-
ment is equivalent to stimulating the muscle fiber with an elec-
tric shock pulse.

The time evolution of tension induced by stretch acti-
vation includes two periods. In the first period, rapid decay
occurs due to the extremely large sliding velocity. A large
number of photons are generated but are not absorbed by the
molecular motors. In the second period, the two filaments
stopped their mutual sliding, and the accumulated photons be-
gan to play a role. This period is dominated by the sponta-
neous emission and absorption of photons.

The ideal definition for contraction velocity is
L(to+ At) — L(19)
At ’

where L is the length of the sarcomere. In fact,the experiment

o) = li
vito) = lim

(23)
measured the average velocity within As. At the moment of
quick release, the length experienced a sudden change,

AL(to) = / AL(1)8 (1 — 1o) dt. 24)

The sliding velocity at 7y is almost infinity, v(7y) & c. How-
ever after the stretch, the length does not change anymore,
and the sliding velocity becomes zero. The Heaviside function
provides a good mathematical description for the variation in
length during a stretch.

In the microscopic phenomenon, stretch activation would
induce a sudden change in the particle distribution on differ-
ent energy levels. There was an optimal distribution that acts
as the minimal point of a potential configuration. Any devia-
tion from this optimal point was associated with a tendency to
return to the optimum. The optimal particle distribution was
shown to be different for different types of muscle fibers. The
external load applied to the muscle was actually a high po-
tential barrier. The particles were trapped in a local minimal
point to counterbalance the external force. Because a muscle
is only able to contract, the intrinsic potential without the ex-
ternal load was asymmetric.

3.1. Quantum two-level model for stretch activation of car-
diac muscle

The stretch activation of cardiac muscle has been exten-
sively studied.!®! Various different species of vertebrates have
been examined, including humming birds, frogs, Guinea pigs,
rats, rabbits. The tension transients following length perturba-
tion were recorded using a force transducer. At the instant of
muscle lengthening, the force jumps up to the maximal force,
followed by a drop to a temporary minimum. After several
small oscillations, the force finally reaches a new maximum.
The length of the muscle was kept constant for a few sec-
onds and was then suddenly released to its original length. A
sharp drop in force appeared immediately followed by a fast
recovery. The force transients for stretch and release were the
mirror-image of each other (Fig. 5. in Ref. [8]).

A quantum two-level system provides a good model for
the physics of force transients of cardiac muscle. A mechan-
ical analogy for this quantum model is an oscillator in thick
liquid. As shown in Fig. 4, a heavy ball was attached to one
end of an elastic rod. The sudden lengthening of muscle could
be analogous to hitting the ball with a pulse. The ball would
pop up to hit the upper level.

Since the length of the muscle after the sudden stretch was
maintained, a spring from the upper level could catch the ball
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to prevent it from returning to its original position. However,
the elastic rod will pull the ball down, and the competition be-
tween the elastic rod and the spring from the upper level would
induce local oscillations. When the kinetic energy was finally
consumed by the friction of the thick liquid, the ball would
stop oscillating. Analogous to the sudden release of muscle, a

1

la)

o

=

pulse hit the ball in the opposite direction of the lengthening.
Because the molecular motor runs only in one direction, it is
reasonable to introduce a bias potential. This bias potential
makes it a little bit more difficult to restore the original posi-
tion of the ball from the bottom level. Here the bias potential

is the gravitational field.

4=

\

Fig. 4. The mechanical oscillator as an analogy of the quantum two level model.

It was assumed that the relaxed state of a muscle fiber
was reached at the optimal ratio between attached states and
detached states. One straightforward ratio was to set such that
the numbers of particles in the excited state and ground state
were equal. This relaxed state was the vacuum state of the
quantum two-level model. This did not mean that there were
no particles, but instead indicated that the number of parti-
cles was exactly the same as the number of antiparticles. In
the mechanical analogy, this relaxed state corresponded to the
equilibrium position of the ball without external pulses or the
gravitation field. If a bias field existed, the mechanical equi-
librium would be obtained by the balance between the gravita-
tional field and the elastic force of the rod, kAh = mgAh. We
assumed that the optimal ratio was determined by the chemical

potential of the two states,

MY )

Pl ol = exp [~ ] exp - 22

where U, and p;, are the chemical potential of the excited state
and ground state, respectively. In the following discussion, the
density matrix represented the difference between the usual
density operator and the vacuum density operator. We simply
denoted this as (pgp — pr) — Pop for convenience. The vac-
uum density distribution determines the resting stiffness of the
muscle fibers.

The lengthening activation of the muscle was equivalent
to a positive pulse. All of the particles in state |b) were driven
to state |a).

AL(19) = +Noads Paa(to) =1, pw(to) =0. (26)

The sudden release at #; represented a negative pulse, and all
particles shifted to state |b).

AL(ZI) = _Nloada paa(tl) = Oa phb(tl) =1 (27)

Thus the length perturbation provided the initial conditions for
time evolution of the density operator. Because the length

was constant after the stretch activation, the velocity term in
Hamiltonian Eq. (1) could be ignored. The equation of mo-
tion, including spontaneous decay, was as follows:

OiPaa = 18abPab—18baPba — ViPaas

OiPob = 18baPba—18abPab + Vi Paas

OiPab = 18ab(Pbb — Paa) —1A®Pas — V2Pab,

9Pra = —18ab(Pbb — Paa) +1AOPLa — V2Pba; (28)
where Aw = ®% — w®. The coupling coefficient was chosen as
the symmetric, g,» = gp, = 8- The two degenerated states, i.e.,
Aw = 0, were the focus of this study. In the beginning, all par-

ticles were in state |b), p,;(0) = 8as0p;- This corresponded
to a quick release. Applying the standard ansatz

4
Pos(t) = ) c’jw exp[Aqgt], @,B =a,b, (29)
qg=1

one reduces the differential equation to an algebra equation.[’]

This finally yields the time evolution of probability in state
| a>’[9]

A‘l elzt
L—A |

2g2 A‘l ellt

= 30
482+ 1y A=A 30)

Paa(t)

This is the conventional solution in the textbook of quantum
optics.”! The plot of this solution for three different cases is
also shown in the book of Ref. [9]. I will reproduce some
of the figures from this textbookl! to show the shape of the
tension transient curve, and will compare different cases with
experimental curves, for which I have not obtained the copy-
right to use here. p,,(¢) governs the tension transient. Here

ha=—sntmE g/ n-pP-16g. 6D
After stretch activation, there is no more external stimulus.
The molecules undergo radiative damping through sponta-
neous emission. The time evolution of p,,(t) relies on the ra-
tio between the driven field g and the damping rate 7y, here we
have set y; = 27, 1» = 7. If the driven field is much larger than
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the damping field, there is an oscillation upon the exponential
increase of tension (the upper curve in Fig. 5(a)). In the oppo-
site case, the damping dominates the dynamic evolution and
exhibits an exponential increasing without oscillation (the up-
per curve in Fig. 5(b)). Because the density operator must sat-
isfy ppp + Pua = 1, the time evolution of py, = 1 — py, just fol-

0 1 2 3 4

Tension: pguq,

(a)

[
Looooo @
d,gmow»mcﬁ

~+

Tension: p,,

lows the curve of p,,. For the intermediate case, the pumping
strength is comparable to the damping rate, and both the life-
time and amplitude of oscillation are reduced as the pumping
strength approaches an exponential increase for p,,(the up-
per curve in Fig. 6) or an exponential decay for pp(the lower

curve in Fig. 6).

0.05 |
0
(b)
—0.05}
0 D) 1 6 g 10 12
¢

Fig. 5. (color online) (a) The upper curve is the tension transient of p,, for a strong pumping field and low damping rate, g/y=3. The lower curve is the time
evolution of (pp, — 1). (b) The tension transition for a weak pumping field and high damping rate, g/y=0.3. The upper curve is pu,(f), and the lower curve

is (ppp — 1)
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Fig. 6. (color online) The time evolution of p,,(t) for g/y=1.5 (the upper
curve). The lower curve is (ppp(t) — 1) for g/y=1.5.

Comparing these tension transients curves with experi-
ment records,] the data for p,,(¢) in Fig. 5(a) fits well with
the muscle tension transient under stretch activation, including
the tension-time course of rabbit papillary muscle in Fig. 2 of
Ref. [8], and the tension-time course of cardiac papillary mus-
cle and insect flight muscle in Fig. 26 of Ref. [8]. In terms of
the release activation, the tension-time courses of rabbit papil-
lary muscle in Fig. 26. A of Ref. [8] and Fig. 2 of Ref. [8] fits
very well with p,,(¢) in the theoretical Fig. 6.

The tension-time courses of humming bird muscle under
stretch activation and release activation were mirror images of
each other, however, the life time and amplitude of tension os-
cillation under stretch activation were larger than that for the

release case (Fig. 5 of Ref. [8]). The stretch activation curve fit

well with pp,(¢) — 1 in Fig. 5(a)). The release activation curve
fit better with p,,(¢) in Fig. 6. The release activation repre-
sented the tension recovery from state |b), whereas the stretch
activation was the recovery from |a). The asymmetric tension-
time course indicates the damping rate for |») was higher than
the damping for state |a). In the mechanical analogical phe-
nomenon, the damping may come from friction created by the
liquid or the bias external field. In polymer physics, the ex-
tension process of a long polymer is not always exactly the
reverse process of contraction. It is possible that the motor
molecule may have a similar behavior, leading to the asym-
metric tension time course. This can be called the hysteresis
phenomena.

The tension-time course for a weak pumping field and
high damping rate (Fig. 5(b)), g/y = 0.3, reproduced the high
tension state of rabbit psoas muscle. The tension transient of
stretch and release was the mirror-image of exponential decay
(Fig. 15A in Ref. [8]).

The tension transient Eq. (30) has two extremes. The first
is for extremely high friction ¥ >> g, wherein the tension first
decreases, and then exponentially increases to reach a stable
value. The other case is for a very strong pumping field, g > 7.
In this case, the tension exhibits rapid oscillation, the envelope
of the oscillation exhibits an exponential decay curve. These
two cases are different from the previously described tension-
time courses.!®! A mechanism may exist to prevent the cardiac

muscle from falling into these two extreme cases.
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Fig. 7. (color online) (a) The time evolution of p,,(f) for the case in which friction ¥ is much higher than the pumping field g, g/y = 0.05. (b) The time
evolution of py,(¢) for g/y > 1, the driving field is much higher than the friction.

3.2. Quantum three-level model for tension transients in
insect flight muscle

The tension transients of insect flight muscle under length
perturbation were different from those of vertebrates includ-
ing rabbits, humming birds, frogs, pigs, and so on. A pre-
vious study'®! reported the muscle tension course of the wa-
ter bug Lethocerus Maximus. If the muscle is prepared in
a regular solution without Ga™*, the muscle tension is not
highly responsive to length perturbation. However, in the pres-
ence of Ga*™ and Mg™ ™, the significant tension transient of
Lethocerus Maximus muscle can be observed in reaction to
length perturbation.[®!

Under both stretch and release activation, the tension-
time course curve showed a rapid rise to a transient maxi-
mum followed by a slow decay.!®! The shape of the decaying
tail was beyond the theoretical prediction of the quantum two-

]

where W, = g — @g is the frequency difference between
state |a) and |B), a,B = a,b,c. di and dg are the annihila-
tion and creation operators of the k-th vacuum mode with fre-

H =i} [g e’ dya) (e + gy e W dy|b) (c
k

quency @y. g’l‘ and g’z‘ denotes the coupling strength between
vacuum modes and the three-level particle.

The quantum three-level system could be represented us-
ing a mechanical analogy similar to that of the damping oscil-
lator for the two-level model. The key difference is that the
oscillator has a metastable partner suspended above the equi-
librium position (Fig. 8). To perform a lengthening perturba-
tion, a shock pulse was sent to hit the oscillator in the opposite

— i) [ghe (@ gl|c) (a] + gh e (W al|c) (b]],
k

level model. However, the quantum three-level model fit the
experimental data very well. This suggested that the molec-
ular motors in insect flight muscle may be different from the
motors in cardiac muscle.

The insect flight muscle is still modeled as a one-
dimensional chain of quantum molecule motors. However, in
this model, the molecule motor has three states: the attached
state |a), the metastable state |b) and the detached state |c).
The hopping between different states was assumed to be in-
duced by vacuum fluctuation. Since muscle works at room
temperature, the stochastic environmental fluctuation may de-
stroy the coherent correlationships between different motors.
The motors are almost independent from each other, thus the
one particle model is a good approximation. The general
Hamiltonian for a three-level particle interacting with vacuum
modes reads,

(32)

direction of gravitation. The oscillator would rise to attach to
the partner ball, creating a pair. The pair would first rise to the
attached state|a), and then decay to the detached state |c). For
a sudden release perturbation, the shock pulse would hit the
ball along the direction of the gravitation field. The oscillator
first drops to the detached state |c), and is then pulled up by the
elastic rod. The oscillator then continues to rise until it is high
enough to attach to the metastable ball, and the ball and os-
cillator then oscillate as a pair. This damping oscillator model
provides a general phenomenon to describe the tension—time
course for insect flight muscle.

[©) Ib

—— [a) =
/ ol

*.

e

.. 4

Fig. 8. The mechanical oscillator analogy of the quantum three level model.
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The myosin molecule motors is assumed to be an equiv-
alent three-level system. The tension of the one-dimensional
chain is proportional to the total number of particles in the
attached state, Tensione ¥; pi . Another way to model this
system would be to consider the whole chain as a giant three-
level particle. The tension of the particle would be propor-
tional to the probability in the attached state. In this case,
muscle was considered to be single-particle system making
the system relatively simple to work with. An analytical in-
vestigation of the Hamiltonian Eq. (32) was performed for
the spontaneous emission of a three-level atom with quantum
interference.!'’ The dynamic of a quantum particle is gov-

—in Hy ().

erned by the Schrodinger equation, J;|y(z))

The general state vector is written as

[w(2)) = Cal@)|0) +Cy[b)[0) +§,de2|€>|0>- 33)
The molecule is initially in the attached state |a) and
metastable state |b). When the frequency difference between
the attached state and metastable state is much smaller than the
frequency difference between the attached state and detached
state, i.e., Wpy K Wpe, Wye, the Schrodinger equation admits an

analytical solution,!'"!

vV Ya¥o

(All CMI —‘FBAQ 6121) ef(}'b/2+iwba>’7

Cu(t)

where the coefficients A and B are

Y 22Cy(0) +0.5\/%a¥5Ca(0)
= 212 7}/1 9
5 _ MG(0) ZO'S\;{WCQ(O)' (35)
11—

The decay rate of the two upper levels are
T ="2(7g,)*D(®), Y= 2(ng,)*D(e).

D(w) is the mode density. A;, determines the amplitude of
the decaying metastable state,

N

where Ay = 7, — ¥, is the difference in decay rates of the two

Ay
-+

i Wpy
2

i Wpy
2

Yoo

Ao = 1

+

P+

(36)

upper levels. The probability of being in the attached state is
given by the density operator p,,(#). Here the weights of the
state vector, C,(¢) and Cy(2), define p,,(¢) and pyp (1),

Paa(t) = Co(t)Cal(t), pup(t) =Cyp(t)Cp(t).  (37)

This density operator is actually a reduced density operator
calculated by tracing out all of the vacuum modes,

Paa = Tr (|a,k){(a,k|), a=a,b,c. (38)

To obtain a clear comparison with the two-level model, the

Schrodinger equations of motion for C,!% were mapped into

Cy(t) = (AeM! 4+ Beh!)e~ /21 (34)  the equations of the density operator,
|
atpaa = —YaPaa — #(eiiwba[pba + eimbatpab)a
% Pry = —YoPbb — #(eiwb“tpab +e 1 pyy),
a+ vV fa —i
atpab = - ! ) 1 ab — ’};Yb e wbat(paa +th);
i+ V Ya i
Opra = — 5 L 727b e ™ (pag + Pry)- (39)

The sum of the probabilities in the three levels satis-
fies the constraint, Py, + Ppp + Pec = 1. For the two-level
model, the sum of the probabilities in the two level is con-
served, d[Paq + prp] = 0. However, for the three-level model,
Paa + Pop = 1 — pce, the sum of the probabilities in the up-
per two levels depends on the probabilities in the detached
state |c). The equations of motion (39) have already incor-
porated the evolution of p... One may verify o [puq + pPpp] # 0
in Eq. (39).

The two excited states are coupled to the detached state

by the same vacuum modes. The photon emitted by the tran-

sition from |b) to |¢) may induce the transition from |c) to |a).
These photons may come from one molecule, but be absorbed
by another molecule. Thus there is strong quantum coherence
between the two-decay channel. A sudden lengthening in or
release of muscle leads to mutual sliding between the charged
filaments. A packet of photons is created immediately but is
not absorbed. The stretch activation and release activation set
up the initial value of population at a different level. The de-
viation from equilibrium position yields in a target potential
barrier, which keeps a certain number of excited molecules

from tunneling into a lower level. The number of surviving
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attached states determine the final tension value after decay.
One qualitative conjecture of Ref. [8] is that Mgt ™ is able
to vary the Ga™™ sensitivity of the contractile system. When
the Lethocerus Maximus muscle is in a regular solution with
only Ga™™ ions, the tension reaches the delayed maximum
within 70 ms.®] When Mg™™ is added, the time to reach the
maximum tension becomes much longer, it is about 500 ms.[%!
Figure 18B in Ref. [8] showed the tension time course in
Ga'™ and Mg™™ contraction solution. The experiment was
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Tension: Paa

performed at a temperature of 7 = 18 °C with 5-mM ATP.
The ion concentrations were estimated to be pGa = 8 ~ 9,
pMg =7 ~ 8, pH=6.5. Figure 23 in Ref. [8] shows a case
in which the concentrations of Ga** and Mg™ " were even
much higher than that for Fig. 18B in Ref. [8]. The tension—
time course of Fig. 23 in Ref. [8] was recorded at tempera-
ture of 7 = 18.5 °C with 5-mM ATP, pH=6.5, pMg ~ 5, and
pGa ~ 6.8.
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Fig. 9. (color online) (a) The initial population in the metastable state is pp,(0) = 0.8. The attached state is p,,(0) = 0.2. The decay rate of metastable state
is 7 = 7. The decay rate of the attached state is ¥, = 4. The frequency difference of the two excited states is @y, = 4. This curve corresponds to a stretch
activation. (b) No population initially existed in the excited state Py, (0) = 0. ppp(0) = 0.5, ¥, =7, %, = 7, Wpq = 4. This corresponds to a release-activation.
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Fig. 10. (color online) (a) Compared with Fig. 9, the decay rates for the attached state increased to v, = 14. ¥, =7, Wpe =4, ppp(0) = 0.5, pae(0) = 0.2.
The tension decay became slower. (b) The decay rate is y, = 4. The frequency difference is reduced to @y, = 1. % =7, pPpp(0) = 0.8, pae(0) =0.2.

I propose an analogous theoretical model in which the
damping rate of the excited state is related to the relative ratio
of Mg™™ to Ga*™ and the absolute values of their concentra-
tions. Increasing Mgt may reduce the decay rate; that is,
higher concentration may induce a lower decay rate. This the-
oretical conjecture is based on the solution of the three-level
model in Eq. (34). Two very similar tension-time courses were
found for the experimental curve in Fig. 18B in Ref. [8]. The
first (Fig. 9(a)) simulates the stretch activation, for which the
initial probability in the attached state is p,,(0) = 0.2. The
second (Fig. 9(b)) is for the release activation. No particle ex-

ists initially in the attached state. To obtain tension transient

curves similar to those in Fig. 23 in Ref. [8] from the three-
level model, the value of damping rate y, was raised from 4
to 14 in the numerical calculation. The theoretical output in
Fig. 10 can be identified as the experimental curve of Fig. 23 in
Ref. [8]. This theoretical curve in Fig. 10 showed a slower de-
cay process compared with the two decay curves which were
created in the context of lower concentrations of Mg*™ and
Ga™ (Fig. 9).

The frequency difference @y, indicates the oscillation be-
tween the two excited states. The exponential decay of tension
was strongly regulated by this oscillation. For small value of

Wy, = 14, the tension had a dominant peak followed by small

128708-11



Chin. Phys. B Vol. 24, No. 12 (2015) 128708

waves (Fig. 11(a)). If we magnify the tension course of ex-
periment Fig. 19 in Ref. [8], the theoretical figure 11(a) would
coincide with the experimental curve. This curve in Fig. 19
in Ref. [8] was obtained at a temperature =23 °C with 15-mM
ATP, and at pGa =8 ~ 9. pMg =7 ~ §, pH = 6.5. Compar-
ing the current experimental condition with those for Fig. 18
in Ref. [8], it is clear that there was an increase in temperature
by about 5 °C and that the concentration of ATP was increased
from 5 mM to 15 mM. Therefore, I hypothesized that increas-
ing the concentration of ATP and the temperature could have
enhanced the oscillation between the two excited states.

If wp,, was increased, i.e., wp, = 40, the decay pro-
cess showed more frequent periods of oscillation (Fig. 11(b)).
When y,, = 200, the tension-time course became a wavy
curve of exponential decay (Fig. 11(c)). This wavy curve
was quite similar to the tension transient observed in rabbit
psoas muscle (Fig. 15B in Ref. [8]). For an infinite large fre-
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quency difference, wp, = 900, the oscillation was completely
suppressed. The tension transients approached a smooth ex-
ponential decay (Fig. 11(d)), which resembled the experimen-
tal curves observed in the high tension state (Fig. 23C, in
Ref. [8]). The high tension states of Lethocerus Maximus
muscle are reached by increasing pGa from 8~9 to 6.8, and
maintaining pMg = 7 ~ 8. From a theoretical point of view, a
large frequency difference wy, produced a large energy barrier.
The quantum interference between the two excited states was
no longer observed. Based on the theoretical approximation
used here, wp, < Wy, and @y, K O,, a large wy, indicated
that the excited states were almost decoupled from the ground
state. The dynamics of the three-level system were dominated
by decay of the excited state. Since no pumping field could
pass an infinite barrier, the evolution of the excited states was

considered to proceed through exponential decay.
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Fig. 11. (color online) (a) The frequency difference between the metastable state and attached state @y, is very large, @y, = 14. ppp(0) = 0.8, paq(0) = 0.2,
W =7, Ya =4. (b) The frequency difference @y, increases to Wy, = 40. Ppp(0) = 0.8, Pae(0) = 0.2, ¥, =7, Yu = 4. (¢) Wpg is Wpy = 200. ppp(0) = 0.5,
Paa(0) =02, 7 =7, ¥a = 7. (d) @, is almost infinity, @y, = 900. pp,(0) = 0.5, P4 (0) = 0.5, % =7, Ya = 7.

When the frequency difference wj, was no longer pre-
sented, the two excited states became degenerated. Both of

the states obeyed an exponential decay,

Pualt) = A2 22— gBe—1utm)/2

a

+ g2 Yo o—1(utm)
T
Pbb(l) — A2 +Bze_t(7a+7h) +ABe_t(Ya+Yh)/2.

9

(40)

The tension could now be expressed as the sum of the proba-
bility of the two degenerated states, Tension = pu,(f) + Ppp (2),

Tension :Az(yb + 1) +B (% + 1) e 1(atm), 41)

a
Thus, a tension evolution could be viewed as exponential de-
cay plus a constant term. The maintenance of constant ten-

sion depended on the initial value of the density operator. For
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this special case, a three-level model with two degenerated ex-
cited states yielded results similar to those of the two-level
model. However, the induced decay was always occurring ow-
ing to the emitting photons in the three-level model due to the
metastable state. In the two-level model, the emitting pho-
tons could be brought back to the excited state without violat-
ing selection rules, thus the output of the two-level model did
not produce all of the decay curves observed in the three-level
model.

4. Projecting the quantum coherent state for
skeletal muscle fiber under an electric stim-
ulus

Compared with cardiac muscle and insect flight muscle,
skeletal muscle has two special characters: low resting stiff-
ness, and its ability to extend far beyond its optimal length.
When these two special characteristics are applied to theoreti-
cal modeling, low stiffness indicates there are fewer molecular
motors in the attached state when the muscle is not excited.
Reducing bonding between two filaments allows for easier ex-
tension of fiber. The electrical signal representing muscle ten-
sion can be physically explained as polarized photons. The
strength of the electric signal is proportional to the density of
the photons. Quantum coherent photons exist in many living
biological systems.!'!] Even though an isolated muscle fiber
is not alive, their data can still provide important insights into
twitch tension evolution in reaction to an electric signal based
on coherent states.

An external stimulus field will generate tension in the
muscle. If the two ends of a muscle’s fibers are fixed, the
tension developed by the external stimulus is called isomet-
ric tension. The isometric tension of skeletal muscle was first
measured many decades ago.'?! A supermaximal rectangular
pulse is used to stimulate the muscle. Both the second and
third derivatives of twitch tension are recorded using special-
ized software %!

Taking the same quantum Hamiltonian Eq. (14) of the
one-dimensional chain of quantum two-level particles for
modeling skeletal muscle,

H = Ho+ Y (8aplar) (b + gpalbr) (axl)- 42)
k

The exactly solvable Hamiltonian Hj is given by Eq. (15). A
quantized electric field induces transfer between the two lev-
els,

gap(t) = pyE(t) = p,[d (1) +d" (1)), (43)
where d is the annihilation operator of photons. Applying the
conventional rotating wave approximation, the total Hamilto-
nian reads,

H = Hy+ pypard + pyppd’, (44)

where

Pab = Y_lax) (bil, Pva =Y |bi) (. (45)

k k

Hamiltonian Eq. (44) shares a very similar formulation with
the general Hamiltonian for a coherent state.'3! If there is no
special projection for a certain number of photons, a coherent
state for photons would always be observed. However, one
must project the coherent state to a fixed number of photons
to obtain similar curves for the tension—time course of skeletal
muscle. The off-diagonal density operator p,; was designated
by a brief symbol p = (i/%)p,p. The Schrédinger equation,

Wi+ An) = |y(0) — i HAY (@), (6)

may be expressed by Fock states,

It 4+A1) = )~ 2 ol — 1,1)
—p*Vn+1n,1)). 47)

Here, the annihilation and creation rule of the photon operator

in input is as follows:
d'|n)=vn+1|n+1), d|n)=+n|n—1). (48)

Equation (47) is equivalent to a radioactive decay equa-
tion from which one can obtain the standard Poisson
distribution.'*! Physicists define the coherent state as the
eigenstate of the annihilation operator d. The coherent state

with respect to Hamiltonian Eq. (44) is |pr),

|pt) = exp[p*1d’ — ptd]|0), d|pt) = ptlpt).  (49)

The general expression of a wave function as a solution of the

Schrodinger equation is

i

() = exp 2 Hot | Ipr):

Projecting the coherent state |p¢) to the Fock space yields the
Poisson distribution,

(pt)" )
g

Ipt) = exp [—%p*prz} y (50)
n=0
This coherent state is the superposition of many photon states.
A photon is the electromagnetic radiation of quantum parti-
cles. Usually the electromagnetic radiation of human muscle
is in the infrared region at a wavelength of tens of microns.
For detection of electric signal in a muscle, a metallic nee-
dle is generally used. Therefore, the detector of the photons
is assumed to have an optimal window that only allows a fi-
nite number of photons to pass, not all of the photons could

be captured at one time. The projection of a coherent state
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with this optimal photon number state was measured in exper-
iment. This electric signal is proportional to the amplitude of
the optimal photon state,

(n—np)
OO epllpiP/2). 1)

v/ (n—np)!

The experiment described in Ref. [12] only reported one com-

T(n,t) = |(nlpr)| =

plete tension—time course (Fig. 1E in Ref. [12]). The tension
transient of Fig. 1E in Ref. [12] can be theoretically fitted by
(part)’
6!
where « is an adjustable parameter to rescale the unit time

T(6,7) = exp[—lpat|], at=r*,  (52)

scale. One can choose a different ¢ to obtain a different am-
plitude for the curve. Both the second and the third derivative
of T(6,07) looks very similar to experiment curve (Fig. 12),
except for the minor oscillating tail of the curve. This oscillat-
ing tail is most likely due to the fluctuating experimental en-
vironment or the poor quality of the equipment used in 1968.
The experimental curves in 1977 of Ref. [8] rarely exhibited
this type of wavy tail.
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Fig. 12. (color online) The tension transients 7. The first derivative of ten-
sion is V = 9;T. The second derivative of tension is A = d2T. All three
curves are quite similar to those in Fig. 1E of Ref. [12].

5. The self-coupled Hamiltonian for the micro-
scopic representation of velocity

A type of sliding motion exists between two filaments.
All particles described by the quantum Hamiltonian are sand-
wiched between the two filaments. For an almost infinitely
large system, the sliding motion of the filament acts as an
environmental parameter. Therefore, the sliding velocity can
be summarized as a constant parameter in the model. In the
quantum Hamiltonian of the one-dimensional chain model, the
total probability of being in the two quantum states is con-
served. The quantum density operator measures the probabil-
ity for a particle being in a certain state. For the two-level
model, the density operator follows p,, + pp» = 1. For the
three-level model, the density operators of three levels obey

Paa + Pbb + Pcc = 1.

When the one-dimensional quantum chain has a finite
length, the sliding velocity of the filament may depend on the
internal states of the motor molecule that drags the filament.
The total number of particles sandwiched between the two fil-
aments is proportional to the length of the overlapping region.
When the myosin molecules between the two filaments are ex-
cited, they become active and can drag the filament. However,
if the molecules fall outside of the overlap region, even if they
are excited, there is no active bond connecting the two fila-
ments. These motor molecules found outside of the overlap re-
gion are called unemployed molecules, whereas the molecules
within the overlap region are called employed molecules. The
mutual sliding movement makes the quantum chain an open
system, and the total number of employed particles increases
during contraction.

A faster sliding velocity means that the total number of
employed particles increases or decreases faster; therefore, the
mutual sliding velocity can be defined as the speed of the in-
creasing number of employed molecules plus the initial veloc-
ity v,

_dNe

v(t) ”

+ . (53)

The absolute value of v(¢) is equivalent to the decrease of un-
employed molecules. The initial velocity v, is assumed to re-
main constant. The initial velocity may be induced by chem-
ical or biological effect. In the simplest case, one may set
ve = 0. The time-dependent sliding velocity for the quantum
chain of two-level particles can be expressed in terms of den-

sity operator,

v=0,Y (Pl +pi,) + Ve,

J
pl + pl{b = const. (54)

According to the Heisenberg equation,

p = _1[H7p}7

this velocity is given by the commutator equation of the

Hamiltonian operator,

v=—iY [H,pl] ~iY'[H,p],] +ve. (55)
J

J

A quantum Hamiltonian is generally expressed as a functional
of many operators not including the Hamiltonian operator it-
self. Here, the expanding sequence of operators for Hamilto-
nian Eq. (1) includes the velocity which is a function of the
Hamiltonian operator itself. The explicit formulation of the
Hamiltonian Eq. (1) including the Heisenberg equation of ve-

locity reads,
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H="Y of|a)ii(al+ o |b)ii(b| + ga|a)ii(b| + gbalb)iilal
i

(1~ )l H (ai{ali1

ive

+——lla)ilalivr +16)i(blis1 —

|la)it1(ali) +

|a)iv1(ali —

(L D) (B H ()i (bl — [B)is1 01,

|b)iy1(bi].

This Hamiltonian can be called a self-coupled Hamiltonian. Transforming the self-coupled Hamiltonian into a conventional

Hamiltonian must follow the algebra rules of the operating matrix. We denote the projection of the Hamiltonian to local eigen-

states as,

(aliH|a); = of, (aliH|a)i1 =11, (BlHb) = of, (bliH|b)it1 =101, (56)

a
where i and tl it

| are the hopping rate between two neighboring sites, and o and a)ib are the local eigenenergy of the particles

at the i-th site. After some algebra, the conventional expansion of the self-coupled Hamiltonian can be obtained,

1 b b
lla)iifal + [+t s

H= G)_:[

a a —
@ +1;8

ive

"[b)i,i(b|

ive  of

+mmwuwwmuPﬂuﬁmwM——Mﬁw+mmw (== =L la)dalis,

where G is the renormalization operator,

& =5~ Lllahilalier +[6)idblit @) {ali — [B)ic (b1

The self-decoupled Hamiltonian expressed by density operator can be mapped into a more familiar equation for quantum field

theory. Each of the two quantum states is represented by a boson operator,

<051| = 0,

)i =«

T a=ab (57)

1

Notice here that this is considered an open finite system, and the total particle number is not conserved, i.e., aja,- + b?bi = const.

The decoupled Hamiltonian is simplified into a two-component boson system,

]alTaH-[

HGZ

ive o@f ivC
|26 = = Jafai + [ =
s s

+tll+ls

s
1

b b —
@; +1iqS

:|b biy1+ 8aba; b +gbabTat

"|b]b;

1V¢
B [ l+lal +bl+lb]

G=

l_*Zt[a Cll+1+b bl+1—al+1d, bH—lb

This nonlinear Hamiltonian has no resemblance with the
conventional quantum field theory due to the renormalization
operator G. If we assume 1/s < 1, then the operator G is ap-
proximated by a constant G ~ 1. Such an approximation is not
always appropriate, because the hopping step size s is usually
very small. For the other extreme case of 1/s>> 1, the constant
term 1 in the nominator of G can be ignored,

—s

G~ _ . 59)
):,-aja,ur] +b; biy1 — a;f+1ai - b;+1bi

The key rules for handling this inverse quantum operator G

is the elementary commutator relationship between a matrix

(58)
¥
\
operator and the inverse of another operator,
- ¢ (60)
aj, ~ | = 4.
b ’

We can assume i # j, C, ;j = 0. This is a physical assumption
since two elementary bosonic operators are sitting at different
lattice sites. In contrast, for i = j, G ; depends on the specific
formulation of the matrix d; and l;i. There is only one known
' =0. Physi-

cally speaking, d; annihilates one particle at the ith site. Its

universal relationship, d,-di_l =1, i.e., [a,,
dual operator 1/4; is not the conjugate operator zi:f. Moreover,
the process for decomposing the commutator between one ele-

mentary operator and the inverse of many composite operators
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is unknown; that is,

éi’T =C(a,b). (61)
jYi

It may be useful to first find out how to map the inverse oper-
ator into a series expansion of conventional polynomial oper-
ators.

In fact, the quantum operator provides a natural descrip-
tion of directed molecule motors. We can define a walking
operator wt, when it operates on a spatial coordinate, it walks

one step forward or backward,

whx) =[x +s0), w|x) = |x—s0), (62)

where s is the unit step size. A directed molecular motor can
be characterized by only the annihilation operator or creation

operator,

(wH)"|x) = |x+mso), (W )"|x) = |x —msp). (63)

The velocity of the motor is denoted as the number of steps m
within one unit time interval. For the sliding filaments of mus-
cle fibers, m has an upper bound and a lower bound. This is an
open system in which the Hamiltonian only consists of either
an annihilation operator or creation operator. This open phys-
ical system is strongly coupled with another chemical system

or biological system.

6. Conclusion

When a single muscle fiber is teased away from the whole
muscle, it is no longer a living organism. In the eyes of a physi-
cist, one muscle fiber is a long cylindrical material with a com-
plex internal structure. The polymers, chiral proteins and ions
inside the fibers are properly organized both in space and func-
tionality. An input electric signal induces the deformation of
molecular motors, which in turn shortens the fiber. Generally,
I believe that the electromagnetic interaction (i.e., chemical
bonding) determines the equilibrium conformation of myosin
molecules. The stochastic fluctuation from the thermal envi-
ronment only results in some minor modifications of the local
structure, although sometimes such minor modifications may
play a crucial role in the process. One myosin motor molecule
can be simplified as a giant quantum particle with finite quan-
tum states. Each state corresponds to one stable molecule con-
figuration. The input electric field induces the transfer among
different states.

Here, a muscle fiber was modeled as a one-dimensional

chain of quantum particles representing myosin motor

molecules. Besides the two quantum states, i.e., excited state
and ground state, which were considered analogous to the at-
tached state and detached state in the classical model, an ex-
ternal quantum state of photons was introduced to couple the
dynamics of one quantum particle with another. The mutual
sliding between two filaments was included in the directed
hopping operator of a quantum Hamiltonian. Quantum dy-
namics of this quantum Hamiltonian system yielded a similar
force—velocity relationship as observed in the classical model
for the quick release case. In the context of slow release and
unstable states, the force—velocity relationships could not be
described by the classical mechanics model. However using
this quantum Hamiltonian, a rather brief force—velocity rela-
tionship could be defined for slow release and unstable states.
The quantum equation of motion suggests that mutual sliding
contributes to the decay of the excited states. Another source
of decay is vacuum fluctuation or thermal fluctuation, which
were defined herein as spontaneous decay processes. The mu-
tual sliding movement results in breaking bonds and establish-
ing new bonds between two filaments. The ratio between the
life-time of the sliding induced decay and spontaneous decay
determines the behavior of force—velocity relationship. For a
quick release, the sliding decay is much larger than sponta-
neous decay. However, for a slow release, the spontaneous
decay dominates. The experimental measurement of quick re-
lease and slow release only record the behavior of steady states
solution. For the non-steady state, the force—velocity relation-
ship was an oscillating function of time. There was a differ-
ence between the frequency of force oscillation and the input
frequency of electric stimulus. This theoretical conclusion is
consistent with biological observation — some insect flight
muscles can indeed oscillate more rapidly than the frequency
of the input nervous impulse.

Therefore, a mathematical definition of the tension of a
muscle fiber as the total number of particles in the excited
states is proposed herein. The tension transient is described
as the evolution of the density operator of the excited states.
Based on this hypothesis, the conventional quantum two-level
model and three-level models could be applied to determine
the tension transient course of muscle fibers. The quantum
two-level model reproduced most of the tension—time courses
of cardiac muscle under stretch activation. The three-level
model could theoretically generate most curves of the ten-
sion transient for insect flight muscle. The quantum three-
level model also produced some tension—time courses for rab-

bit psoas muscle that the two-level model cannot describe. The

128708-16



Chin. Phys. B Vol. 24, No. 12 (2015) 128708

key difference between the three-level model and the two-level
model is that the three-level model takes into account of the
induced decay due to the metastable state while the two-level
model does not. The quantum three-level model can also gen-
erate the tension transients of a skeletal muscle fibers in the
context of electric pulse stimulus. However, the tension tran-
sients of skeletal muscle were also examined from a different
point of view of the quantum coherent state. The tension, the
first derivative of tension and the second derivative of tension
all coincide with the third order projection of coherent state.
The physics-based reason for this third-order projection is not
fully understood. There may be a better way to model skeletal
muscle.

In a muscle stimulation experiment almost 35 years
ago,®! the tension—time course was shown to vary according
to the concentrations of Ga™™ and Mg'™™. In the quantum
chain model, the mathematical parameters can vary to pro-
duce similar curves to the experiment data. If there are too
many theoretical parameters, it is difficult to understand the
physical or chemical relationships between the concentrations
of Ga™" and Mg*™ and those parameters. Fortunately there
are only three effective parameters in the quantum model re-
lated to the muscle tension transient : the two decay rates of
excited states and the frequency difference between the two
excited states. The decay rates control the long time behavior
of tension transient. The frequency difference introduces wavy
oscillations upon the conventional exponential decay or expo-
nential increase. A series of systematic experiments would be
required to determine how ions control the three parameters;
currently available experimental data is not sufficient. One
experimental observation showed that if a solution does not
contain Ga™™ ions, the delayed tension change disappeared;
in contrast, if Ga™™ and Mg*™" are added, distinctive tension
transients were observed.!® Thus Ga*™ ions drive the myosin
motor molecule into a metastable conformation and transform
the molecule into a three-level quantum particle, while Mg

may function to fix the conformation of the myosin molecules,

preventing transformation under stretch activation. Therefore,
the ratio between the concentration of Ga** and Mgt may
control the two decay rates of the two excited states. Both the-
oretical and experimental studies are required to elucidate the

details of these mechanism.
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Appendix A: Derivation of the force velocity re-
lationships for quick release cases

Here, I present the detailed calculations for the force—
velocity equation. The assumptions and approximations used
for the calculation are explained at each step. I first show how
I derived the differential equations from the quantum chain
model. I then add the general procedure for solving similar
differential equations in Ref. [15] for the benefit of reader-
ship. The assumptions used in solving the similar differen-
tial equations have more detailed explanation in laser physics
theory.[!!

For a quantum particle, the probability of being in a quan-
tum state is given by the square of the norm of |a), i.e.,
p=llo)[*.
erator, P = |@){ct|. For a two level system, there are four

This probability is well defined by density op-

density operators,

Pha = laYiilal, pjy, =1b)ii(bl,

Pip = a)ii{bl, Py = [b)iilal. (AD)
The diagonal density operator satisfies the constraint,
1
1= Sllaiial +[b)i (bl (A2)
The equation of motion for this density operator is
. i i
p=—-IH,p]=—7[Hp—pH]. (A3)

The Hamiltonian of the one-dimensional chain model is

v
H= Zw?|a>i,t<a| + @F |b);i (bl + gap|a)ii (bl + gvalb)ii{al + ;Ha>i<a|i+1 +10)i(blix1 —|a)ir1(ali — [b)iv1(bi].
13

Substituting this Hamiltonian and density operator into Eq. (A3), yields the equation of motion of the probability density in

different states. Here, we take p,ia as an example,

; iv
sz i
lhpaa -

= lla)iv1 —la)il{ali+la)il(aliv1 —(alil} + goalb)iilal — gapla)ii (bl - 2%}|a>,~<a|,-.

(A4)

If the lattice spacing s is very small, the first term of Eq. (A4) can be summarized into a continuum limit,

Ul — la)lali+ la)l{alir ~ {ali} = Apaa

(A5)
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Here 7 is set to i = 1 for convenience. Then equation (A4) becomes more compact,

. . . . . Vv o
(0, +v0x)Ply = 1S +18abPly — 18baPha — 2;%-

(A6)

Following a similar calculation, we get the equations for péb and p L’;b,

. . . . Vo
(9 +v0y)Phy = My + i 8baPhaPiy — ngzl;w

P i i : i Vi
(0 +v9)Pap = 18ab(Php — Paa) — 1AWiPpdraft — nga}ﬂ

where Aw; = (0 — ®P). Since p}', = Ppa» the equation of mo-
tion for py, is the conjugate of p,,. Mathematical theory states

that if the equation bears the form of

(202 ) ) =g, (A9)
the solution is formulated as
t
f(x,t,v)z/ di'g(x',t'\v), X =x—v(t—1"). (A10)

péb(Z,V,I) - i/ﬁ dt’exp[f(ia)JrZE)(t *t/)]gab(zl’t/)(péb(zlav’t/) *pclm(zlvva t/))'

(A7)

(A8)

The above equations of motion for the density operator have
exactly this form. The solutions can be obtained by analogy
with calculations in quantum optics.'>) Within the rotating

wave approximation, the coupling coefficients are

gat) = LY B ). Al
n
Integration of Eq. (A8) yields
(A12)

Following the assumptions of laser theory,'"”! the population difference p}, (z/,v,t') — pi,(z',v,¢), the electric field mode ampli-

tude E,, and the phase ¢, vary little within the time s/(2v), then p,, is rewritten as,

. 1 t 2 4 .
plo =51 ErexpliC + 00l { [ arU,espl-lito— )+ 210 =1 ol — Pl ) (ALY

U,(7') is the normal-mode function in space. For the one-
dimensional chain model, U, (7’) is the distribution of electric
field along the length direction of the chain. As the electric
field is oscillating in space, one usually takes sinusoidal z de-
pendence:

Uy (Z) = sinlk,7].

As has been shown previously,
explik,z] = cos[k,z]+£isinlk,z],

U,(7) is decomposed into the sum of two opposite waves.
W(v), the

quick coslk,z| terms are canceled in the integration, yielding

For a symmetric velocity distribution W(—v) =

U2(z) = 1/2. The density operator p,;, now reads,

. i . . .
Pin =~ e Ene ) (ol —pl,) (D4 + D).

17 (Al14)
where Dy is the propagator function,
Dy = - ! , (A15)
2v/s+i(®— fytkv)
where k = w/c, and c is the speed of light. Substituting

Eq. (A14) into the equation of motion of p,, and pp, yields

the rate equation,

. . . Vv o
IPia="a—R(V)(Paa— Php) =2~ Piar
. . . Vv o
,phy,=ny +R(v) (Phy — Php) — zgpllyb' (A16)
where
1 p2E?
R(v)=—<s-2~—[G_ Al7
()= =g 5" G- +Gal, (LD
G+ has the similar form as Lorentzian function
4 2 /2
Gs v /s (A18)

T 022+ (0 — fthv)?

For the steady state, 9;p}, = 0, d;p}, = 0, the pair of rate equa-

tions leads to
An(z)

1+RY

Here An(z,v,t) is the initial population difference in the ab-

Pha — Php = (A19)

sence of field oscillation,
An(zv,1) = o [n0(z.v.1) — nd(z,v.1).

2v
Equation (A19) gives the relationships between population

(A20)

difference and decay coefficient. In the one dimensional chain

model presented here, the decay coefficient is just the linear
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function of velocity. Therefore, equation (A19) is actually the
force—velocity relationship,

. ; sng Z,V,t —n? Z,V,t
(Pl — ply) v+ ) = a0 Zb(a 0]

(A21)

The rate function R(v) is a complex function of velocity. At the
resonance points @ — f, = +kv, R(v) gained maximal value.
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