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Stochastic processes has been described using Bohmian gquantum
mechanics by various researchers for dissipative quantum system in
various applications. The Madelung quantum hydrodynamic picture in
reinterpreting the stochastic process was found to be useful in
describing microscopic molecular systems. In this paper, we illustrated
a single molecular rotor by means of the Madelung-Bohm formalism as
the quantum fluctuations corresponding to quantum stochastic force.
We extended the modified Liouville equation in de Broglie-Bohm
theory to associate with the mechanism of decoherence in the
molecular rotor that used the motive power to control and create the
motion in a non-stationary-state superposition. Thus, the interaction of
the molecular rotor with the reservoir would provide the thermal
fluctuation effect in the surrounding which was accounted for by two
random forces. A new application of Bohmian mechanics in a single
molecular rotor was proposed with both dissipative potential and
quantum potential. The two random forces that described the random
rotational fluctuations were the friction term and diffusion behavior of
the Brownian ratchet motion in the rotor. It was explicitly shown that
stochastic process in the rotor was equivalent to the quantum potential
in the Bohmian theory.
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Introduction:-

Recently, the de Broglie-Bohm causal interpretation of quantum theory has been used in many applications of many-
body systems (Benseny et al., 2014). In generating observed quantum behavior of a system, the ideas of the classical
deterministic theory with dissipation mechanism and the theorem on stable trajectories in Bohmian dynamics had
been introduced (Eigorn and Rusov, 2014). However, the route to describe Bohmian mechanics in hydrodynamic
fashion has been developed by Mandelung-Bohm formalism (Wyatt, 2005; Sonego, 1991).
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It is also known that the inclusion of hydrodynamic interaction in molecular environment has played a crucial role in
describing the motility of molecular machine such as kinesin motor dynamics (Goldtzvik et al., 2016). In fact, the
specific interaction and molecular fluctuations cannot be taken into account within continuum hydrodynamics
model, but they can be incorporated with the environment due to coarse grained molecular dynamics (Cressman et
al., 2008; Joachim and Ratner, 2005).

Molecular machine such as molecular rotor has been well described for unidirectional rotation by Schrédinger
equation with decoherence and classical motion. This theory has been applied to a self-assembling molecule, which
is a molecular motor that interacts with its surface within a given motive power as shown in the Figure 1 (Joachim
and Gimzewski, 2001).
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Figure 1:- Molecular rotor and its surface.

It consists of two parts which are a rotator on the axle and a stator that fixes the axis in space (Joachim and
Gimzewski, 2001; Kaottas et al., 2005). According to some findings, the rotation of molecular rotor may excurse to
opposite motion occasionally within the background random Brownian noise. By triggering external work, these can
lead to the unidirectional motion with ratchet mechanism like a rolling wheel either in clockwise or anti-clockwise
direction (Cressman et al., 2008; Joachim and Gimzewski, 2001).

The random force that effectively acts on the rotor is obtained from the dynamical equation and the standard
probability conservation equation. Given the random interaction of the reservoir, the driven force and rotational
potential have been designed to contribute as a working paradigm even though their operation is still questionable as
it depends on the profile of asymmetric potential and the noise spectrum in a subtle equilibrium (Joachim and
Gimzewski, 2001; Kottas et al., 2005).

The dynamics of the rotor dissipative systems that includes diffusion, decoherence and non-equilibrium phenomena,
allows the exchange of the energy with the environment. Besides that, such supramolecular assembly of the
nanoscale machine has the ability to transform surface thermal energy into fluctuations of random rotational motion.
In this regard, the time-dependent Hamiltonian is used with the inclusion of the effect of the environment. For
instance, the coupling of the system to a large number of environmental degrees of freedom in the system-plus-
reservoir can be modelled by harmonic oscillators (Chou and Wyatt, 2007).

The rotor part of molecular motor should be considered as a semi-classical rotating motion in a non-stationary state
of an isolated quantum system which can be achieved in two ways in order to ensure a permanent quantum motion.
It can either be by controlling the interaction of the rotatory motor with the environment or by controlling the
quantum state carefully via the time evolution of the wave packet. The presence of reservoirs is necessary as the
energy of rotation rely on this mixing with the environment and the quantum character are generated by the merging
of eigenstates with continuum states of the environment. The environment can also be considered as the interaction
of rotor and reservoir that are driven by a large number of degrees of freedom of a system or another source such as
microwave and surface interaction (Joachim and Gimzewski, 2001).

The motion of the rotor essentially is governed classical mechanically. Thus, we consider the connection between
motion and forces which are feasible by including the speed and the coordinates of the nanomachine. Down to nano
scale, the Schrodinger equation appears in the ensemble average correspondence between force and quantum
eigenstates of a nanomachine. However, since the nanomachine is in unidirectional rotation at a macroscopic scale,
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such correspondence is not very intuitive as the superposition of eigenstates for the motion does not all times
produce the exact solution that satisfy the classical equation (Joachim and Gimzewski, 2001; Tang et al., 1997).

Bohmian mechanics is most convenient framework to incorporate the Newtonian force with an additional force
describing quantum fluctuations (Nauenberg, 2014; Tsekov, 2009). In (Tsekov 2012), the pilot wave theory has been
considered as an approximation to a mean-field theory of the quantum dynamics that consist of stochastic behavior
of the vacuum fluctuations. In the present example, this can be made in agreement with the random rotational
fluctuations in the single molecular rotor due the interaction of the reservoirs. In order to interpret the statistical
influence of the environment and thermal diffusion, the random potential and the dissipative potential are
incorporated into the time-dependent Schrodinger equation (TDSE) (Joachim and Gimzewski, 2001; Chou and
Wyatt, 2007). Hence, the stochastic process that contains the nature of the non-stationary states can be described by
the Bohmian quantum potential.

This paper is divided into the following. In theoretical approach section, we discuss our approach on the extension
from the modified Liouville equation in the Bohmian interpretation (Eigorn and Rusov, 2014). Next, we apply this
theoretical approach to a single molecular rotor. Then, we describe the dissipation mechanism underlying in the
quantum fluctuations of the rotor by introducing quantum Brownian motion which is a continuation from the
theoretical approach.

Theoretical Approach:-
We introduce the modified Liouville equation in the de Broglie-Bohm theory as in equation (1), which is also well-
known as the continuity equation (Eigorn and Rusov, 2014):

dfn _ N N o, 9fN 1 di -
ik SRR YATE o IS SLICHOL - IO

Whereby vi(t) and ri(t) are the velocity and the radius- vector of the k-th particle respectively, while m is the mass of
a single particle. The function fy (1, vk, t) here is represented as the probability density in the phase space. The

system of N identical particles obeys Newton’s second law;

SEv o mP=FE.0=-2 @

According to Bohmian mechanics, the potential energy, U can be divided into the classical potential, U, and the
guantum part, Q:

U, t) = Ug(ne, ) + Q1. ©) - (3)

in which quantum potential is given by

AA #2 A FNTrviet) TS, dvy
QUi ) = — oy Ao Pgw N 4
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Where A is amplitude of N particles. By substituting equations (2), (3) and (4) into (1), one has

N
dfv _ 9| Z Ofw
dt 9ty & e -
4 —Lyn 9Ual oy ——Z w AN T Y apy) (5)
m“=1 ar; |, oy, i= 1ar 7= N |y
t Tht Inrviet) iz dv; Tt

This equation carries all the information about the system but it requires some simplification. The last term of
quantum nature comes from equation (4) implies that nonlinearity dependence on N-particle distribution function
frn (T, v, t) with the order of 7. Since df /dt = 0, so that f is constant along a path of phase space. In this study,
the theory can be associated with the molecular machine with rotatory motion.

Application to Single Molecular Rotor:-

The use of decoherence and classical motion in a single molecular rotor has been explained in (Joachim and
Gimzewski, 2001) using TDSE of the rotor and its surface. We now reinterpret these ideas using Bohmian
mechanics.

We use both classical mechanics (microscale) and quantum mechanics (nanoscale) to describe the mechanical

rotation of the nanomachine. Newton’s equation of motion describes the motion with torsional forces in which the
coordinates and speed of each part of the nanomachine relative to the origin is given by;
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d? av{o(t))
F(0,6) = 155(0(0) = =525 (6)
where V(8) is an external periodic potential energy profile whereby the rotation axis is the X — X’ axis in order to
find the multiple equilibrium positions of the molecule (stations), | is the moment of inertia of the rotor and 6 is the
angular position (Joachim and Gimzewski, 2001; Kottas et al., 2005; Browne and Feringa, 2006). The kind of
motion is illustrated by the Figure 1.

The average angle 6(t) with a system of N molecules of the rotatory motor can be written as 6(t)=1/N Y;(6, (1))
More intuitively, the angular variable in equation (6) transforms according to TDSE with average value (6(t)) =
(x(8,t)]0|x(6,t)) i.e. as the angular motion @ of angular state y(0,t). The quantum state of the molecular rotor
associates with it a rotational wave packet which relies on a material of the nanoscale object before the dilution of

wave packet occurs, obtained using the Ehrenfest theorem (Joachim and Gimzewski, 2001):

15400) = = (0,0 |22 26, (7)

For the initial wave packet in a y(6, 0) non-stationary state, we write it as

x(6,0) = X, C,(0)x,(6) (8)

whereby the complex-valued coefficient C, and the eigenstates y,, (6) are selected to make (7) comparable to (6).
Hence, by finding a set of complex-valued numbers C,,, the motive power at (6,0) can be obtained (Joachim and
Gimzewski, 2001; Joachim and Rapenne, 2015).

From this, the unidirectional rotation of nanomachine will be free if the eigenstates y,,(8) interact with sources of
energies or environment (reservoir) satisfying the second law of thermodynamics. The rotor and the surface system
can be described by a single wave function, ¥ which is maintained by a reservoir at a given temperature, T as;
(0,7, 6) = Xon Xpy Anpy (8) Xn(0)9p (1) (9)

where yx,, (8) is the rotor state which is taken the tensor product with the quantum state g, (ry) of the surface system.

Essentially, the phase coherence of any wavelength can be destroyed by the interaction of a quantum state with the
environment leading to more semi-classical-like behavior. For this purpose, the Madelung polar form of the wave
function is used to employ the motion of rotor itself with direct extraction (Joachim and Gimzewski, 2001):
P(6,1,,t) = ¢(9,rk,t)exp%ST(9,rk, t) (10)
Here, St is the total action of both the nanomachine and its surface and ¢ is amplitude of the wavefunction. The
probability density, p corresponds to the square modulus of the N-particles (total particles represented by index k) of
the amplitude of the wave function in the polar form.
p(elrkl t) = Id)(elrkl t)lz (11)
The polar form equation (10) of the wave function can be substituted into TDSE, giving;

d 79?2 —h?
ha””(gf Tk t) = [_ m - Zk%Ark + V(glrkl t)] w(el Tk» t) (12)
The first and second terms on the right side of the equation represent the energies with angular motion of molecular
rotor itself in association to its surface (Joachim and Gimzewski, 2001).
Based on the de Broglie theory, the potential energy can be divided into classical part, U, and quantum part, Q
(Eigorn and Rusov, 2014; Tsekov, 2009, 2012; Crowell, 2005)i.e.
V(Q,Tk, t) = Ucl(Q,Tk, t) + Q(Q,Tk, t) (13)

The quantum potential Q (6,7, t) act as wave guides that piloted the trajectories of the particles in Bohmian theory
which are dependent on the whole wavefunction. By incorporating the probability density in phase space function in
the theoretical approach with this nanorotor, the normalized probability density can be written as

[ @, 1, 1, O [IN=1 dOdT, = [p(0, 74, o, T, ) [[N21 dOdT, =1 (14)

By substituting (14) into the quantum potential in (4), we obtain the quantum potential in term of rotatory motion as

A]-Jf (6,71, 1) [IN=, dBd Ty

hZ
Q(elrk’ t) = N:
2m2 &1 pr(@,rl,...,rk,t) MY_, dodry
It is obvious that the quantum force becomes negligible if only the particle’s mass m is large enough. The quantum
behaviour in the de Broglie theory simply adds the quantum potential Q in (13) which is dependent on the
probability density p(8, 1, t) and in turn obtain trajectories at a given angle 6, radius 7, and time t.

(15)
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In this case, the hydrodynamic polar form of the wave function in Schrédinger equation is based on ansatz with
rotatory variables (Garashchukand Rassolov, 2002) rewritten as;

¥(0, 7, t) = \[p(6, 7, exp Sp(8,7,t)  (16)

Where amplitude or density /p(8, 1, t) and phase St (8, 1, t) representing the total action are both real functions.
A set of dynamic equations and the standard probability conservation equation is obtained by substituting equation
(9) by (16) in (12) (Joachim and Gimzewski, 2001).

Based on the continuity equation in (1), the unidirectional rotatory motion becomes equivalent to an equation;

dp _ dp

ad 1 0
Pk D ¥ T I SR TODES IS

Where the angular velocity parameters are defined as w = (x(6, t)|é|x(9,t)). Then, substituting (6), (13) and (15)
into (17) gives

dp _9p Zw8p| __ZaUcl
dt  0tlg,, £ '06
=

+_
awlet

Aj\/fp(9-7”1-----7”k.f) N1 dbdry, ap

awi|g't =0 (18)

_Zl 16r

JFo@rne M-, asaz,

Here, the third term in the torsional force is once again shown in terms of classical and quantum parts of potential
energy. This equation is extended from the modified Liouville equation in equation (1). However, quantum potential
in the rotor machine is considered to engage Brownian rotation motion and describe its rotational fluctuations. The
formalism of the quantum potential will be explained in the next section in the presence of an environmental setting.

Quantum Fluctuations:-

We note that the Madelung-Bohm formalism allows the Bohmian mechanics to ascribe hydrodynamical equations in
providing the statistical information of the motion of the particle (Wyatt, 2005; Sonego, 1991). Additionally, the de
Broglie-Bohm pilot-wave mechanics is a way to illustrate dissipative quantum system by Newtonian equations
which is explicitly stochastic. Both dissipative potential and quantum stochastic force that represent the quantum
Brownian motion are simultaneously acting by a dissipative quantum Newtonian equation (Joachim and Gimzewski,
2001; Kaottas et al., 2005). In the case of rotational rotor, we derive the following stochastic force equation:

F0.0=15=-ug-7U+Q (19

Where p is the friction coefficient, I is inertial moment and w is angular velocity while 6 is angle of rotatory motion.
The quantum stochastic force Q is purely from vacuum fluctuations that underlie the Ehrenfest theorem (Nauenberg,
2014). Now, let U= Uc. for classical potential and hence

FO,0=15=-n5~7Ua+Q) (20)

The original torsional force acting on the molecular rotor can be written as (Joachim and Gimzewski, 2001):
6
F0,6) =120 = — Ly, ..(8) — pao(t) + (T, 1) (21)
By comparlng F (6,t) = F(6,t) (equations (20) and (21)), we find
56
— Ve (0) —peo(8) + E(T, 1) = —p5r = V(Ua + Q) (22)
It is obvious that;
56
VUa = 3gVers @), po(0) =py; . £=-7Q (23)
The effective potential energy V(¢ (t) is related to classical potential force, U, with a frictional term u specifying
the change of angular velocity, w(t) = §6 /6t which can be treated as dissipative force, while the stochastic process
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¢ is equivalent to quantum stochastic force -VQ due to interaction of the environment. Therefore, we rewrite
equation (15) as

_ _ # 621/p(9,rk,t)
E(T! t) - VQ - Zm\/m ar2 (24)

In fact, the quantum potential Q here is a thermal chemical potential which corresponds to a dissipative thermal
continuity equation in (1). Finally, we deduce that the rotational equation of torsional force in the rotor is absolutely
consistent with the modified Liouville-Bohmian theory in (Eigorn and Rusov, 2014).

L —
300 Mm

200
Y (rad)
100[ 7

-100

t(us)

Figure 2:- Graph of Y(rad) against t(us)

Figure 2 shows the verification of a trajectory of stochastic process - quantum potential in the rotor molecule. Y (rad)
axis here is represented as a rotatory trajectory in the rotor against time (in microseconds). The stochastic mechanics
that existed in the rotor (real experiment) is convenient and most compatible with our developing theory to elucidate
the trajectories of stochastic process in the rotor molecule (Schonborn et al., 2009; Echeverria and Joachim, 2015).
The rotor molecule design has almost the same working principle and concept even though they have different
nanomaterials. The thermal motion around the rotor single bond has unidirectional rotation due to temporary
formation of a chemical bond between stator and rotator part. A ground state wavepacket pumped into the excited
state as the rotation is started. This rotation ultimately change into remaining random motion due to intervention of
environment that have been converted by dissipative energy (Joachim and Gimzewski, 2001). By considering the
driving force of the rotational potential introduced by us, Brownian motion of the rotor may be associated with heat
bath under such working principle.

Conclusion:-

This article showed that the stochastic process in molecular rotor can be represented by quantum stochastic force via
Bohmian Mechanics. We found that the stochastic process, & is equivalent to quantum potential Q in the de Broglie-
Bohm theory which describe the diffusion behavior, while another random force that consists of frictional term p is
found to be the dissipative potential of the rotor system. Therefore, our finding is consistent with fluctuation theorem
in nonequilibrium thermodynamics of the motor as well as capable to illustrate the Brownian ratchet motion. For
future work, this research can be extended to linear molecular motor such as kinesin, myosin and dynein upon
obtaining the master equation of the quantum force to describe their fluctuations behavior. However, it needs to
focus on several key advances of many current issues in the field and highlight future challenges for the field of
molecular rotors and motors.
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