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Active quantum memory: Exploring the quantum dynamical process of voltage-gated ion channel
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It is known that the opening or closing mechanism of a voltage-gated ion channel is triggered by the potential
difference across the cell membrane in the nervous system. Based on this picture, we model the ion channel as
a nanoscale two-terminal ionic tunneling junction. We apply an external time-varying voltage on the junction to
mimic the membrane potential difference in the stimulation of neurons. We derive the non-Markovian quantum
Langevin equation from the first principle of quantum mechanics for the ion transport in ion channels, and
obtain the ion transport current in terms of quantum tunnelings of ions controlled by the time-varying voltage.
We find that the time-varying voltage induces an effective magnetic flux, which causes quantum coherence in
ion tunnelings. This effective magnetic flux induces further an oscillatory component to the spectral structure
of the ion system, forming a time-dependent quantum memory. Such voltage-induced memory is defined as the
active quantum memory, which manifests in the system with a regular oscillatory sideband structure in the ion
transport current. The sideband structure demonstrates a multicrossing hysteresis in the current-voltage (I-V)
curve, responding to the variation of the time-varying voltage (membrane potential difference). We also find
that the strength of active quantum memory can be described by the ratio of amplitude and frequency of the
time-varying voltage, and can be quantitatively measured through the number of nonzero cross points in the /-V
hysteresis and conductance-voltage diagram. Additionally, we explore the temperature dependence of the active
quantum memory in such a system. Further, we apply this model to the ion channel system on the biological
energy scale. The description of these active quantum memory characteristics provides a quantum mechanical
understanding to the underlying mechanism of ion channel dynamics.
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I. INTRODUCTION

It is widely accepted that nerve status can be demon-
strated by the electrical signals carried via the potential
difference between the intracellular and extracellular ion so-
lutions of the cell membrane. The corresponding ion channel
responses dominate the overall changes. This mechanism
makes the nervous system look like a circuit system. Taking
the voltage-gated ion channel, for example, there are plenty
of ion channels on the neuron membrane. The voltage-gated
ion channel can be taken as a nonlinear classical circuit in
electrophysiology experiments. From the electrophysiologi-
cal perspective, researchers have focused on establishing a
practically useful circuit theory to describe the behavior of
ion channels. The prototypical example is the HH model,
proposed by Hodgkin and Huxley [1], utilizing the nonlin-
ear resistance-capacitance (RC) circuit. Its extensions have
successfully depicted the conductance of various ion chan-
nel clusters observed in experiments. However, while the
HH model described the macroscopic channel conductance
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successfully, the nonlinear classical RC circuit description
does not capture the microscopic physics of individual ion
channels. Moreover, when the HH model was just proposed,
experimental recordings of single ion channels were not yet
available. Such measurements became possible only after
the development of the patch-clamp method by Neher and
Sakmann [2,3]. Although the patch-clamp method enabled the
direct observation of single ion channel activity and revealed
the stochasticity of channel opening or closing, the underlying
mechanism of ion permeation remained unclear.

In fact, in the molecular scale, the protein structure of a
single ion channel can be analyzed through x-ray crystallogra-
phy, cryo-electron microscopy (cryo-EM), or high-resolution
NMR techniques [4-10]. It indicated that ions are trans-
ported through a single ion channel with a tiny pore. The
pore size of a single ion channel ranges from 1 to 15 A
[11-13], while some special large conductance ion channels
can reach the size of about 40 A (4 nm) [14]. The nano- and
subnanoscale ion channels, with their atomic-scale selectiv-
ity filters, restrict ions to flow through channels individually
[4,15-17]. Under such a subnanoscale, quantum-mechanical
effects, such as quantum coherence or tunneling effect, may
become relevant and essential in the neural signal transmis-
sion [18-21]. Furthermore, the free-energy profiles along the
permeation pathway have been calculated from molecular
dynamics simulations. From the analysis of the free-energy
landscape, the ions perform single-file permeation, and they
are confined within binding sites separated by energy bar-
riers [15]. The high sensitivity of ion motion to the details
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FIG. 1. Schematic of the Kv1.2 channel architecture and the ion confinement in the selectivity filter. (a) The protein structure of a Kv1.2
channel [26]. [Reproduced from Fig. 2(a) of S. B. Long et al., Crystal structure of a mammalian voltage-dependent Shaker family K™ channel,
Science, © 2005 by The American Association for the Advancement of Science] (b) The top view of the transmembrane region. The protein
helix of S1-S4 is the voltage-sensing region, and the pore enclosed by S5 and S6 is the selectivity filter (SF) [26]. [Reproduced from Fig. 2(c)
of S. B. Long et al., Crystal structure of a mammalian voltage-dependent Shaker family K* channel, Science, © 2005 by The American
Association for the Advancement of Science] (c) The amino acid structure and the binding sites of the SF region. It is the narrowest region,
which consists of four repeating sequences of TVGYG amino acids, allowing potassium ions to stably occupy [10]. [Reproduced from Fig. 4(a)
of Y. Wu et al., CryoEM structures of Kv1.2 potassium channels, conducting and nonconducting, (2025) eLife, with the permission from
author.] (d) Free energy along the selectivity filter obtained from the molecular dynamics simulation, illustrating discrete binding sites and
the confinement of ions in the energy well [15]. [Reproduced from Fig. 4 of S. Berneche er al., Energetics of ion conduction through the K™

channel, Nature, © 2001 by Springer Nature].

of potential energy suggests that continuous classical models
may be insufficient to capture the full ionic dynamics. This
motivates a quantum-mechanical treatment of ion transport in
ion channels. In the literature, the dynamics of ion transmis-
sion have been investigated utilizing the classical Brownian
motion and the diffusion equation [22-24]. However, a gen-
eral quantum framework for ion channel dynamics remains
to be developed. Moreover, the ion channel current measured
in experiments ranges from picoamperes to nanoamperes.
This scale corresponds to electronic currents in the low-
dimensional nanoelectronic devices, such as two-dimensional
(2D) materials or quantum point contacts [25]. Crucially,
both systems involve single-particle transport processes: The
ions traverse in ion channels and the electrons transport in

nanoelectronic devices. This similarity suggests that quantum
transport frameworks of nanoelectronic systems may provide
insights into ion channel dynamics. Thus, we propose that the
quantum transport process may happen in the ion channel.
The narrowest region of the ion channel is the selectiv-
ity filter. Ions inside the selectivity filter are in single-file
arrangements due to its specific structure. As a concrete exam-
ple, consider a voltage-gated potassium channel Kv1.2 [26]
[see Fig. 1(a)]. It is composed of the tetramer protein struc-
ture. Each subunit contains a voltage-sensing domain formed
by the S1 through S4 helices and contributes to the selec-
tivity filter region formed by the S5 and S6 segments [see
Fig. 1(b)]. The selectivity filter is formed by the amino acid se-
quence TVGYG [10,27] [see Fig. 1(c)]. Molecular dynamics
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simulations and free-energy calculations reveal that the sites
inside the selectivity filter are free-energy minima, which are
called “binding sites”. The energy barriers of ions transport-
ing onto the binding sites are approximately 2—4 kcal/mol
(~90-170meV) [15] [see Fig. 1(d)], which is significantly
larger than the thermal energy kg7 ~ 25 meV at physiolog-
ical temperature. This energy barrier height indicates that the
thermal activation over barriers is suppressed, and suggests
that quantum-mechanical effects, including coherent tunnel-
ing between sites, may dominate the transport. At these sites,
ions experience minimal interaction energy with neighboring
ions and amino acid residues, enabling stable localization. The
discrete occupancy of binding sites, with each site accom-
modating at most only a single ion, bears strong conceptual
similarity to Coulomb blockade in nanoelectronic devices.
This motivation supports a quantum transport description
within the selectivity filter. The binding sites correspond to
local minima in the potential energy landscape, which can
be treated as discrete ionic energy states. Consequently, a
general quantum ion channel model should be a multilevel
tunneling quantum system, with the intracellular and extra-
cellular ionic solutions serving as reservoir leads coupled by
an external bias voltage. A similar model corresponding to
the Coulomb blockade phenomenon in the selectivity filter
has been discussed in previous theoretical work [28]. The
discrete binding sites in the ion channel mediate ion transport
between ionic solutions (reservoirs). It can be analogous to a
molecular junction where discrete molecular orbitals mediate
electron transport between metallic electrodes. Thus, a single
ion channel can be treated as a quantum molecular junction
conceptually.

To implement this idea, we propose a multilevel quantum
tunneling junction model to depict such a molecular junction.
The quantum electronic tunneling systems in nanoelectron-
ics typically consist of a double-barrier structure coupled
with two electrode leads under an applied external voltage
[25]. The central region between the double barriers is de-
scribed as an artificial atom with quantized energy levels. In
the last two decades, we have developed a systematic time-
dependent nonequilibrium quantum transport theory [29-34]
for nanoelectronics and quantum materials. This allows us
to extend this framework to analyze the ion transport phe-
nomenon in the nervous system microscopically. Within this
dynamical transport theory, the ion tunnelings through the ion
channel and the associated memory effects can be analyzed
quantum mechanically. In particular, the memory effects in
the tunneling dynamics can be captured by the dissipative
memory kernel and the noise (fluctuations with memory) in
the non-Markovian quantum Langevin equation [32], which
characterizes the general non-Markovian behavior of open
quantum systems and the non-Markovian nature arises from
retarded feedback through the reservoirs [35,36]. Here, the
intracellular and extracellular ionic solutions near the ion
channel serve as the two-terminal reservoir leads, and the
memory kernel of the non-Markovian quantum Langevin
equation is determined by the strength and the timescale of
ions in the intracellular and extracellular ion solutions coupled
to the ions in the ion channel. This framework enables us to
investigate the quantum memory of ion dynamics in the ion
channel from the very fundamental quantum level.

To explore neural signal transmissions in ion channels, we
utilize our time-dependent nonequilibrium quantum transport
theory [30-33] to study the dynamics of the ion chan-
nel current and the differential conductance. To mimic the
stimulation of neurons from the outside, we apply exter-
nal time-varying voltages across the ionic junction as the
time-dependent cross-membrane potentials. In particular, we
extend the time-dependent transport theory of mesoscopic
electronic systems [30] to ion channels, where the external
voltages drive photon-assisted resonant tunneling processes.
Within this framework, we find that the time-dependent
voltage modulates the tunneling amplitudes, introducing a
dynamical phase formally equivalent to an effective mag-
netic flux phase. This phase modulation sustains quantum
coherence in the ion tunneling dynamics and introduces time-
dependent memory effects in ion transport. We term this
memory effect the active quantum memory because it is de-
rived by the external time-varying voltage. Active quantum
memory manifests in the ion transport as a persistent oscil-
lating current in the ion channel, referred to as the sideband
effect [30,37,38]. The sideband current serves as a signature
of the system carrying quantum memory and quantum coher-
ence, and it forms a hysteresis loop with multiple crossing
points in the I-V curve. We will analyze the dependence of
the sideband current on the time-varying voltage between
the intracellular and extracellular ionic solutions, the energy
levels of ion sites in the ion channel, and the chemical poten-
tials of the intracellular and extracellular ionic solutions. We
find that the tunneling effect is enhanced when the chemical
potentials match the renormalized energy levels. Under the
strongest resonance, the multilevel system exhibits transport
characteristics of an effective single-level resonant tunneling
junction. The crossing points in the current-voltage hysteresis
(I-V curve) and the differential conductance (G-V diagram)
indicate the coherence tunneling and may serve as a measure
of the active quantum memory effect in the nervous system in
general. Moreover, the temperature dependency of the active
quantum memory and its application to the real biological
scale are also explored in this work. For the practical ap-
plications, such a theory for quantum memory circuits may
be valuable for the development of neuromorphic computing
technology in the future.

The rest of the paper is organized as follows. In Sec. II,
motivated by the structure of ion channels, we introduce the
multilevel ionic tunneling junction. Ion tunneling through the
junction carries time-dependent quantum phases associated
with an effective magnetic flux induced by the time-varying
voltage. As a concrete example, we introduce a four-level
ionic tunneling model to describe the selectivity filter of a
Kv1.2 ion channel and derive the corresponding transport
current from the first principle of quantum mechanics rigor-
ously. In Sec. III, we present analytic and numerical results
assuming a wideband spectral density for the intracellular
and extracellular ionic solutions. After applying time-varying
voltages across the ion channel, we formulate the correspond-
ing transient current in detail. The ion channel current displays
sideband oscillations under the time-varying voltage, which
produce a multicrossing hysteresis loop in the /-V characteris-
tics. These features serve as signatures of quantum coherence
and active quantum memory induced by the time-varying
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voltages. We identify the effective magnetic flux strength as
a critical parameter for quantifying the degree of active quan-
tum memory, and the number of crossing points can serve as a
measurement of the amount of memory. The steady-state dif-
ferential conductance is also analyzed under varying degrees
of active quantum memory. We also examine how tempera-
ture affects the quantum memory effect and why the thermal
fluctuations are suppressed in the quantum coherent transport
of ion channel dynamics. Finally, we apply our framework
to a realistic ion channel system with experimentally relevant
parameters. The discussions and perspectives are presented in
Sec. IV.

II. MODELING ION CHANNEL AS MULTILEVEL
QUANTUM JUNCTION

A. A quantum modeling for ion channel

Ton channels are embedded in the membrane, which con-
nects the intracellular and extracellular ionic solutions. The
protein structures of many voltage-gated ion channels are now
very clear, especially those in the Kv channel family. Fig-
ure 1(a) demonstrates the protein structure of a voltage-gated
Kv1.2 potassium ion channel [26]. The Kv channel family
shares a common structural motif, with each member com-
prising four subunits assembled into a tetramer. The structure
of the whole ion channel contains the transmembrane pore,
the T1 domain, and the 8 subunit. Here, we want to focus
on the segment of the transmembrane region, the pore formed
by the protein helices S5 and S6, which is also the location
of the selectivity filter [26]. The relative position of the selec-
tivity filter, surrounded by S5 and S6, is clearly visible in the
top view of the transmembrane region shown in Fig. 1(b). Fig-
ure 1(c) shows the diagrams of electron density distributions
from the molecular simulation dynamics [10], from which we
can understand how ions arrange in a single file in the selectiv-
ity filter. The sites where ions are bound in the selectivity filter
are low-energy binding sites that allow ions to remain bound
stably [10]. In molecular dynamics simulations, Berneche and
Roux simulated ions moving through the selectivity filter [15].
One can see that the ion is confined in the binding site by the
free-energy well, and the energy map transforms as ions move
[see Fig. 1(d)]. The energy wells are on the order of a few
kecal mol™! (tens to hundreds of meV).

From our perspective, the binding sites within the selec-
tivity filter are analogous to a molecular or artificial atom
with quantized energy levels. To construct a quantum physical
model for ion channels, we treat each ion channel as a molec-
ular or atomic tunneling junction. By connecting two “ionic
reservoir leads” (corresponding to the intracellular or extra-
cellular ionic solutions) through the coupling with a nanoscale
ion channel, we model the ion channel as an ionic tunneling
junction with quantized energy levels. The general Hamilto-
nian describing the quantum transmission of ions through the
ion channels can have the form

A=) ejafaj+ Y (]
ij

ak

) Viak] Car + Viglh i), ()

iak

where the first term represents the energy levels of the sites
inside the ion channel and the transition between sites. The
ion channel can contain a few (say V) discrete energy levels €;;
(with i =1,2,..., N), and the intersite transition amplitude
€ij,(i+j)- The operators &j(&i) are the creation (annihilation)
operators of each energy state in the ion channel. The second
term describes the ion Hamiltonian for the intracellular and
extracellular ionic solutions denoted by o =1, E, respec-
tively. The operators é;k(éak) are the creation (annihilation)
operators of the kth energy state of ionic charge carriers in
the ionic solution «, and €, is the corresponding quantum
energy level (usually all the energy levels form a continuous
spectrum). By defining €, (t) = €41 + qV4(t), the ionic solu-
tion levels can be adjusted through the external time-varying
voltage (potential) V,,(¢), where ¢ is the charge of each ion.
Note that in the neuronic ion channels, the transport ions
are typically the sodium and potassium ions, Na™ and K*,
both carry a positive charge g. The bias voltage, V,(t) =
Vi(¢) — Vi (t), represents the time-varying potential difference
between the intracellular or extracellular ionic solutions near
the membrane, caused by the stimulations of neurons from
the outside. The third term denotes the tunneling interaction
of ions between the central sites and the ionic solutions, and
Viak 18 the corresponding tunneling amplitude. Also note that
Na™ and K* have a half-integer spin (s = 3/2) so that they
can be treated as fermionic particles. Thus, all the creation
and annihilation operators, &, (a;) and ¢}, (é4x), obey the an-
ticommutation relations and the ion occupations obey the
Fermi-Dirac statistical distribution in the equilibrium state.

To construct a specific quantum ion channel model, we
analogize the structure of the Kv1.2 channel. As shown in
Fig. 2(a), the Kv1.2 channel is turned to the lateral direction,
and the four binding sites in the ion channel correspond to four
independent energy levels {¢;}, i = 1, ..., 4, in the molecular
junction. A schematic diagram for the quantized ion channel
model is shown in Fig. 2(b). Thus, the Hamiltonian of Kv1.2
channel is reduced to the following form:

4

A1) = Ata x ATa * Ata * Ata

) = €4, a; + (€1,a501 + €530;00 + €3,0,03
i=1

+ €128}t + €238}5 + €34a}a4)

+ Y ar)ellak + Y (ViErd|Cri + Vigglhdu
ak k

+ Vanden + Vil aa). @)

Here, we consider a nearest-neighbor coupling where intersite
transitions occur only between adjacent sites. Additionally,
the extracellular ionic leads are set to couple to the first site
(i = 1) and the intracellular ionic lead couples to the last site
(i = 4). Therefore, only two couplings, Vg and Vyy, dom-
inate the tunneling to the ion solutions, while the remaining
couplings Vyi in the general Hamiltonian of Eq. (1) vanish.
As a result, ion transport is induced by the couplings of the
extracellular ion solution to the first site and the intracellular
ion to the last site through the intersite transitions in the ion
channel in the lateral direction, as shown schematically in
Fig. 2(b).
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FIG. 2. Schematic plots for the connection of the selectivity fil-
ter of the Kv1.2 channel with the quantized multilevel tunneling
junction. (a) The lateral direction of the selectivity filter is chosen
for the Kv1.2 channel [10]. [Modified from Fig. 4(a) of Y. Wu
et al., CryoEM structures of Kv1.2 potassium channels, conducting
and nonconducting, (2025) eLife, with the permission from author.]
(b) The ionic tunneling system with discrete quantum levels is mod-
eled as the quantum structure of the selectivity filter. The four-level
ionic tunneling junction connects with the extracellular and intracel-
lular ion solutions. The discrete quantum levels model the binding
sites, and the time-varying membrane potential difference is taken as
the time-varying bias voltage, V,(t) = V;(¢) — Ve (?).

B. Time-dependent nonequilibrium quantum transport theory
for the memory dynamics in ion channel

Now, we can study the ion channel dynamics from the
first principle of quantum mechanics. Ion transport is driven
by the time-varying voltage V,(f) across the membrane,
which changes the energy landscape of the binding sites.
The time-dependent ionic current through the ion channel is
expressed by

1(t) = Ig(t) — I (1), 3

where I;(t) [Ig(¢)] is the current of ions flowing from the ion
channel to the intracellular (extracellular) ionic solution. It is
defined as the time derivative of the total ion charges in the
intracellular (extracellular) ionic solution. Explicitly, using
the Heisenberg equation of motion in quantum mechanics, we
have

d
I,(t) = <EN (t)>

= %;[Viak(&j(t)éwk(t)) — ikalk(l)&i(t))], (4)

where « =1, E labels the intracellular and extracellular
ionic solutions, respectively, and ¢ is the charge carried
by each ion. The notation (O(t)) = Tr[O(t) pror] denotes the
expectation value of any quantum observable O(r) in the
Heisenberg picture of quantum mechanics. The operator

N, () = > 62 «(1)Cui (2) 18 the particle number operator of the
intracellular and extracellular environments.

In the Heisenberg picture, quantum states do not change
in time, namely, pwt(t) = Prot(fo) = pror- The time evolution
of the system is determined by the Heisenberg equation of
motion, 4 y o) = h[O(t) H(1)]. Without loss of generality,
we can take the initial state of the whole system (the ion
channel plus the ionic solutions surrounding the membrane)
as given by the density matrix

Prot = Prot(fo) = ps(to) ® p1 ® Pk, %)
where the ion channel can be initially in any arbitrary quan-
tum state p,(#p), and the intracellular and extracellular ionic
solutions are initially in the thermal equilibrium state,

Do = ie_kﬂ% ok €ak(t0)E Gk (6)
Zy

in which kg is the Boltzmann constant, T is the thermal tem-
perature of ionic solution, and Z,, is the corresponding thermal
partition function in statistical mechanics.

Using the Heisenberg equation of motion, we obtain the
equations of motion for operators @;(¢) and €4 (¢) in Eq. (4) as
follows:

d

ﬂ — § eij1(1) — + § ViakCak (1), (Ta)
dé, N § :

ch;(t) = —%[Gak + C]Va(t)]cak(t) aka! (). (7b)

The operator ¢, in Eq. (7b) can be formally solved,

i 1 ’ ’
Cap(t) = & T o Wt aVel@lp gy

i ! nE =t [ dt(eartqVe (r))A @®)
—Eztdthakehr @),
j 0

Substituting the above solution into Eq. (7a), we obtain the
following exact quantum Langevin equation in the on-site ion
state operators a;(t) [32]:

d i / INA / 7
“(” Ze,,a,(r)Jr/ d'y " git.1)a,(") = fio),
/ )

where ¢;; are the on-site energy levels and the transition ener-
gies between different levels in the ion channel, and g;;(¢,¢")

and fi(¢) are, respectively, the dissipative memory kernel and
the noise force in the quantum Langevin equation that are
derived exactly from the first principle of quantum mechanics,

1
gij(ta l/) — P Z‘/mkv o L dT [eart+qVa ()],

(10a)

fi) = ——Zv,ake iy ek Ve la, (1), (10b)

The above quantum Langevin equation of Eq. (9) is a time-
convolution equation of motion, which describes the quantum
dissipative and fluctuational dynamics of ions in the ion chan-
nel. Thus, solving the above exact quantum Langevin equa-
tion, we can obtain the dynamics of ion transport current given
by Eq. (4) and see how the diffusion and stochastic dynamics
of the ion motion with memory emerge in the ion channel.
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For convenience, the exact quantum Langevin equa-
tion [Eq. (9)] may be rewritten in a matrix form,

H t
Lat) + Leaw) + / dr'gt.Hay = F@). (1)
dt h f
For the Kv1.2 channel model, the operator vector a(t) =
{ai(t), ax(t), as(t), as(¢)} represents the four on-site energy
levels in the ion channel, and €; is a 4 x 4 matrix with matrix
element ¢;; for the energy level and the transition energy
between different sites, respectively. From Eq. (2), this energy
matrix is given explicitly by

€1 €12 0 0
0

*
€ € €3
12
0 o . . (12)
23 3 €34
0 0 €, e

€ =

The dissipative memory kernel g(¢, ¢') in Eq. (11) is also a
4 x 4 matrix with elements

ge@,t) 0 0 0
N 0 0 0 0
0 0 0 g@1)

This simple dissipative memory kernel is given for the Kv1.2
channel model, because only the coupling strengths V)g; and
Vurx are nonzero, as specified in Eq. (2). Hence, g(¢, t") only
contains two nonzero elements

1 Pt :
8(1) = 3 D ViVt Tt (14a)
k

1 g /
att) = - D Van Ve n b AT lentaiel - (14p)
k

These two dissipative memory kernels in the quantum
Langevin equation represent the non-Markovian memories
describing historical ionic backreactions between the central
ion channel region and the extracellular and intracellular ionic
solutions, respectively. The ionic backreactions characterize
the detailed path of ion transport, i.e., ions tunnel from the ion
channel into the ionic solutions at time ¢ and then tunnel back
into ion channel at time #’. The vector expression of the noise
force in Eq. (11) is also simply given by

fe@)
J) = 8 : (15)
fi@)

They are arisen from the intracellular and extracellular ionic
solutions, respectively,

o i —i T dtTen ./
fet) = = 3" Vigke P e 1), (160)
k

fitty = =2 3 Ve Ho 1O ). (16b)
k

The origin of noise forces of Egs. (16a) and (16b) comes
from the thermal ions, which initially live in the thermal-
equilibrium intracellular and extracellular ionic solutions.

Because of the linearity of the equation, the general solu-
tion of Eq. (11) can be expressed as [32]

a@t) = ut, to)aty) + F (1), (17)

where u(t, 1)) = ({a@t),a’(t)}) is called the generalized
retarded Green’s function matrix in the nonequilibrium dy-
namics and F (t) is a noise field induced by the noise force
[30,32,33]. Both of them determine the ion dynamics in the
ion channel through ion backreactions between the central
region of the ion channel and the intracellular and extracel-
lular ionic solutions. Substituting this solution into Eq. (11),
we can show that the nonequilibrium Green’s function u(z, t")
and the noise field F (¢) obey the following homogeneous and
inhomogeneous time-convolution equations of motion:

d ] !
Eu(r,to)—l-%esu(t,to)-i-/ dt'gt, tHu(t', o) =0, (18a)

fo

%ﬁ'(t)—}— %esﬁ(t)—i—/ di'g(t,tHF ') = f(1),

(18b)

subjected to the boundary condition u(fy, ) = I4 and the
initial condition F (zy) = 0. As a result of Eq. (11), the integro-
differential equations of Eqgs. (18a) and (18b) are also the
time-convolution equations of motion that encompass all pos-
sible dissipative and fluctuational memory dynamics arisen
from the ion backreactions and are manifested through the
time-convolution integrals.

Furthermore, the noise field of Eq. (18b) has the analytical
solution,

F@)= Z/ dr'u(t, i) f, (). (19)

It is easy to show that the noise field induces the following
noise correlation functions:
(F()) = Tr[F (1) pio] =0, (20a)
R . t t
<FA';,'(t)Fi(t/)> = / df/ d'lu(t, O)g(x, thu' @, T);
’ T T

= U[j(t/,l), (20b)

where g(z, t') is the fluctuational (noise-correlation) memory
kernel defined by

’ 1 —ifldr'e T/
BNy = =5 D ViakV o e ye ™ 4710001 1)
ak

and f,(eq) =1/[1+ et ~H)] is the initial ion number
distribution (the Fermi-Dirac distribution) of the ionic so-
lution «, with p, being the corresponding ionic chemical
potential. The fluctuational memory kernel matrix of the noise
correlation functions g(z, t') is given by

ge,t) 0 0 0
~o N 0 0 O 0
0 0 0 g,1)

In fact, Egs. (20a), (20b), and (21) fully describe the general
noise-induced fluctuational memory dynamics. It also gives
a fundamental derivation of the nonequilibrium fluctuation-
dissipation theorem for any open quantum system [30-36].
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Substituting the solution of Egs. (8) and (17) into the ionic
transport current of Eq. (4), the intracellular and extracellular
ion currents are obtained:

Ig(t) = ZqRe/ dt'[g(t, (' 1) — g, tHu' @, )]y,

fo

(23a)
L(t) = 2qRef dt'[gt, t)Hn(', 1) —§(t,t’)uT(t,t/)]44.
(23b)

Here, g(¢,t') and g(¢,t') are the ionic dissipative and fluc-
tuational memory kernels given, respectively, by Eqs. (13)
and (22), and u(z, ty) is the retarded Green’s function, which
describes the ion dissipation dynamics and is determined by
Eq. (18a). The matrix function n(¢’, ¢) in Egs. (23a) and (23b)
describes the ionic correlation dynamics in the ion channel,
which is defined from the following equation:

n(t', 1) = @ 0ai)
= [u(t’, to)n(ty, to)u" (¢, to)];j + vi;(t', 1), (24)

where n;;(t, 1) = (a;(to)a,-(to)) are the initial particle cor-

relation in the ion channel and v;;(t', 1) = (F ;(t)IA’ () are
the nonequilibrium ion correlated Green’s functions given by
Eq. (20b). It describes the ion noise correlation and represents
the nonequilibrium fluctuation-dissipation relation of ions in
the ion channel.

C. Membrane-potential-induced quantum magnetic flux
and active quantum memory

With the above exact quantum-mechanical formulations
and solutions, ion transport through ion channels and the
corresponding memory dynamics can now be investigated
microscopically. Indeed, Egs. (23a) and (23b) demonstrate the
ionic current derived from the model Hamiltonian of Kv1.2
channel, which explicitly reveals the physical observables of
ion transport dynamics. From Egs. (23a) and (23b), one can
see that the dominant contributions to the ion current origi-
nate from the ion dissipation and fluctuation processes in the
ion channel, induced from couplings with the intracellular
and extracellular ion solutions. They are characterized by
the ion dissipative and fluctuational memory kernels, g(z, ")
and g(z,t’), as well as the time-convolution equation of the
ion retarded and correlation Green’s function u(z,t’) and
n(z,t") that involve the ion memory kernels g(¢, ') and g(z, t').
Crucially, the time-varying voltage modulates the memory
kernels, giving a controllable memory effect associated with
the quantum coherence transport in the ion tunneling pro-
cesses. In the following, we will analyze this voltage-induced
memory effect and introduce a quantitative definition of the
active quantum memory.

In fact, we find that the time-varying voltage V, (¢) induces
an effective time-varying magnetic flux,

<I>a(t)5/ Vy(T)dr, (25)

fo

which modifies the ion tunneling amplitude V;y; to carry a
time-dependent magnetic flux phase:

Vigk (1) = Vigre %0 VE (1) = [Viw (O], (26)

The magnetic flux phase ¢, (¢) is associated with the effective
magnetic flux &, (¢),

D, (1)
%)

and ®y = h/q is the magnetic flux quanta. Physically, the
external time-varying potential V,(¢) induces an effective
magnetic flux ®,(¢) paralleling with the membrane axis such
that when the ion tunnels into the ion channel, it carries a
quantum phase from this effective magnetic flux. This mag-
netic flux phase for charge particles moving in a magnetic field
cannot be gauged away, according to the general principle of
gauge symmetry in quantum mechanics [39].

As a result, the quantum memory kernels can be re-
expressed in terms of the time-dependent ion tunneling
amplitude Vqi (7),

¢u(t) =27 ; 27

i

/ 1 I\, — %€ —t'
(1)1 = =5 D Vi OV (D770, (28a)
ak

1 i _
B0 = —3 D Ve OV () foan)e™ 14070,
ak

(28b)

More explicitly, by introducing the spectral density J,(€) =
2r Yy, [V |>8(€q — €) of ionic solution « surrounding the
membrane, the nonzero elements of the memory kernel ma-
trices g(¢, ') and g(¢,t’) given in Egs. (13) and (22) can be
reduced to

gult, 1) = e~ 10001 L / e e et
o ) hz . 27_[ o

= M,(t,1)gd(t, 1)),

~ N ilga—gean L [T d€ —le(t—t)
ga(tvt ) =e ﬁ 27_[Jot(€)fa(6)e g
—0Q

= M, (t, 1)1, 1),

(29a)

(29b)

where o = E, I represents the extracellular and intracellular
ionic solution, g°(¢,#') and 2°(¢,¢') are the usual quantum
dissipative and fluctuational memory kernel in open quantum
systems [29-33]. They represent the original spectral structure
of the ionic solution as well as ion backreactions between
the ion channel and the ionic solution o without the external
time-varying voltage [corresponds to V,(¢) = 0]. The factor
M, (t,t") is defined as

. ot
My(t. 1) = e~ 180=80)  exp {_%/ qva(f)df}, (30)
p

It is determined by the voltage-associated flux phase differ-
ence in the ion tunnelings and characterizes the memory effect
induced by the time-varying external voltage V().

This memory factor, M, (¢, t'), modifies the ion channel
spectral structure and gives rise to quantum coherence effect
during the ion tunneling. It encodes the historical backre-
actions induced by the time-dependent external membrane
potential. We therefore define these memory dynamics as
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active quantum memory. One can see that both Green’s func-
tions u(t, ty) and v(¢,t’) contain a time-convolution integral
with the memory kernel matrices g(z,t') and g(¢,t'), re-
spectively, through Egs. (18a) and (20b). Consequently, via
Egs. (29a) and (29b), the active quantum memory arising
through the time-dependent voltage also affects the dynamics
of these two Green’s functions. Thus, the above formulation
provides an explicit description of active quantum memory
in a single ion channel within a quantum memory circuit
framework.

III. QUANTITATIVE DESCRIPTION OF THE ACTIVE
QUANTUM MEMORY

A. Transient ion transport dynamics in simple ion channel

For a significant description of the active quantum memory,
we consider the spectral density of the ionic environment with
a wideband spectrum, namely, the spectral density in the form
of Jy(¢) =T, where I'y, is simply an energy-independent
damping (dissipating) constant. A constant spectral density
represents the ion tunneling from the ionic solution to the ion
channel having equal probability for all different energy levels
in the ionic solution. In other words, the background energy
spectra of the ionic solution have a very flat distribution. Un-
der such a simplification, the usual dissipative memory kernel
in Eq. (29b) becomes g2 (¢, 1) = g—gS(r — 1), so that the ionic
environment itself does not generate non-Markovian memory

_ 4 iLe _€n
=5 iz 7
ar €
_n 77—
det{A} = h J
0 _
7
0 0

Explicitly, the solution of dissipation Green’s function u(z, t’)
is simply given by the inverse Laplace transformation method:

1 o
u(t, t') = — > iZ(zy)e T, (34)

Zp

where for the clockwise contour integral, the matrix Z(z,) is
the residue of the pore z, in the the inverse Laplace transfor-
mation. It can be expressed as

—2mi[Adj(A)];;

Zij(zy) =
= T DetiA )]}

(33)

z=.

Thus, the ionic transport current determined by Eqs. (23a)
and (23b) can be reduced to

1(t) = Ig(t) = I;(1)

I'e Iy
= 2g R — t,t)— — t,t
q e{|:2hnn( ) 2h"44( )]

_ / dt'[Ze(t, )l (1, 1) — 81t Hul,(t, t/)]}.
' (36)

dynamics. The dissipation dynamics induced by the ionic
solutions becomes a pure damping process. Meantime, the
active quantum memory factor M, (¢, t') also makes no effect
to the dissipation dynamics through g, (¢, ¢’). This can be seen
from the memory kernel in Eq. (29b), g,(¢,1") = M, (z, t/)g—;
5t —1t) = %S(t — t). Thus, the active quantum memory is
fully manifested in the ion noise correlation through the fluc-
tuational memory kernel g, (¢, ¢') in the ionic transport current
flowing the ion channel.

To solve the ionic transport current, we will solve the
retarded Green’s function u(t,fy) first, i.e., the convolu-
tion differential equation of Eq. (18a), using the modified
Laplace transform [35]. The modified Laplace transformation
of Green’s function is reduced to

. —1
Uz) = [—izh + %es + G] =iA~" (31)
In the wideband spectrum J,(¢) = T, the dissipative mem-
ory kernel becomes memoryless and is given by a damping
constant matrix after the transformation:

r
0o 0 0
_|0o 0 0 o
“=lo 0 0 o (32)
0 0 0

The matrix A(z) in Eq. (31) is defined here for conveniently
calculating the pole of U (z) by solving the following equation:

0 0
_% 0
=0. (33)
€ €34
I % 7

_ _ & 4 I
7 =5 iy

Obviously, the active quantum memory factors M, (¢,t") di-
rectly change the ion dynamics in the ion channel and then
dominate the memory dynamics in the ion transport through
the fluctuational memory kernel g, (¢, t'), in response to the
external time-varying voltages exerted on the ion channel.
Furthermore, the Fermi-Dirac distribution in the fluctuational
memory kernel g, (¢, t') can be rewritten in this form

fal€) =3 — Ttanh [18(e — na)]-

Also, because ¢t > t' in Eq. (36), the transformation in the
frequency domain can be derived from the contour integral
in the complex plane,

/oo de tanh 1[3( ) —le(t—t))
JE— an _— — o i
e QP T e e

2N e D))

(37

= —— e

B

Then, the analytic form of the fluctuational memory kernel is
obtained,

(38)

n

I ir i i ,
~a l‘,t/ — ot8 t_t/ OtMa [,t/ —ﬁ(,u,u—?(Zn—l))(t—t).
Balts 1) = 00— 1) M >§nje

(39)
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Without loss of generality, we let the initial ion charges inside the ion channel become zero, n(fy, ty) = 0. Then, the matrix
element of the total ion particle correlation inside the ion channel is given by

t t
ni,-(t,t)zf dt/ d'ui (t, e (T, Tl (1, T) + wia(t, T (x, T, (1, T')
to I

1 t t [e'e}
L ol / dr’ /
(277}-1)2 Z,ZZ]; /; to —o0

+ Zi4(ZP)ZjU(Zp')FIfI(G)MI(T, )] €T Tzt =)=z, (=T

The expression for the total particle number of the ion channel
[Eq. (40)] reveals the connection between all binding sites
and the ionic solutions through the matrix Z. Although only
the boundary sites (i = 1 and i = 4) couple directly to the
extracellular and intracellular solutions in the Hamiltonian,
coherent coupling among the binding sites enables all sites to
interact with the environmental reservoirs. This is encoded in
the nonzero matrix elements Z;;, Z, ;, Z4, and Z4; in Eq. (40),
where the indices i, j can be any binding site within the chan-
nel. These matrix elements describe the effective dissipation
strength of each site to the reservoirs, incorporating both the
direct tunneling at the boundaries and the indirect coupling
mediated by intersite transition. As a result, the ionic transport
current passing through the ion channel is given by

I(t) = Ig(1) — I;(1)

2 r r
- fRe{ |:7En11(t, )= 5t r)}

l' oo

de ('

-— — | dt" ) [Z1\(zp)Tefe(e)Mg(t', t
e B / S e e M
»

— Zu(p T fiOM (¢, Del ot 0 } @1)
The responses of the ion transport current to the external time-
varying voltage describe the detailed active quantum memory

dynamics in the ion channel.

B. Active quantum memory induced by a periodic
oscillating bias potential

The active quantum memory factor M,(t,t") defined in
Eq. (30) is closely correlated with the quantum coherence
in the ion channel dynamics, responding to the time-varying
external voltage V, (7). In order to find the general rules of
the active quantum memory, we now apply a symmetrical
sinusoidal varying voltage to the ion solutions as the simplest
signal exerted on the membrane. These voltage functions are
superimposed on the chemical potentials p; and pg:

1 1
Vi) = EV(t), Ve(r) = —EV(I), (42a)

V(t) = Vi(t) — Ve@t) = Vy sin(wgt). (42b)

The time-varying voltage in Eq. (42b) represents the
time-varying membrane potential difference between the in-
tracellular and extracellular ion solutions surrounding the
membrane. In the initial equilibrium state for the ion

d .
(20 ()2 )T e fi (M (. )

(40)

(

solutions, we assume pu; = pg for focusing on the time-
dependent voltage. Then, the active quantum memory factor
of Eq. (30) becomes

2 q)M ,
o [coswyt — coswyt']p, (43)
0

M g(t,t") = exp {:l:i

where @), = V,; /2wy is the amplitude of the oscillating mag-
netic flux and &y = h/q is the magnetic flux quanta, as
mentioned before. The plus and minus signs represent, respec-
tively, the external voltage V; g (¢) exerting on the intracellular
and extracellular ionic solution o = I, E on the membrane
surface. Thus, the fluctuational memory kernel given by
Eq. (39) under the wideband limit spectral density can be
expanded in terms of the Bessel function of the first kind,
Jn(x), as follows:

;F};; DD In(@w)w(du)

’ : " i _im _ 4!
X i:i:(mfm )e:ttwc(mifmt )e— 7 (o ] Q2n—1))(t—t"),

- Iy
g t)= ﬁé(t -1+

m=—00 m'=—00

(44)

where

oy 2n P _ Ve g

q>0 de h
denotes the effective magnetic flux phase strength associated
with the active driving voltage or equivalently the effective
driving magnetic flux. The summations of m and m’ modulate
the oscillation frequency, generating the sideband current in
the ion channel. Although the term “sideband current” is
borrowed from signal processing, the physical mechanism
differs fundamentally from classical amplitude modulation.
In radio communications, sidebands arise from external mod-
ulation of carrier signals. While in the ion channel system,
sidebands arise from quantum coherence in ion tunneling.
It is the time-dependent sinusoidal voltage that induces an
effective magnetic flux phase in the memory kernel [Eq. (44)],
generating multiple components at frequencies different from
the driving frequency. These additional frequency components
are quantum mechanical in origin, reflecting coherent super-
position in the tunneling process.

Now, we can discuss the detailed ion transport dynamics
through the quantum-mechanical multilevel ion channel. For
simplifying the ion channel structure without the loss of gen-
erality, we set €; = €4 and €, = €3. The intersite transitions
are uniformly defined as J. And the coupling strengths to the
intracellular and the extracellular ionic environments are set

(45)
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FIG. 3. Changes of four poles in the retarded Green’s function as a function of on-site energy level €, varied from O to 3¢,. The upper and
lower panels show the real and imaginary parts of the poles, respectively. The parameters are taken as (a) J = 0.2¢;, I' = 0.2¢;; (b) J = 0.8¢y,
I' =0.2¢;; and (c) J = 0.2¢;, I' = 0.02¢,. The first on-site energy level ¢, is taken as unit.

thesameas ', =g = % for considering the selectivity filter
symmetrically. Then, the poles of U (z) from Eq. (33) can be
easily solved:

1 T T\

Ipl = E € +er—J— lz— €—éer+J— lZ +4J% |,
1 T T\

Zp = 7 e1+e—J— lZ—}- €e—e+J— lZ +4J- |,
1 T o

Zp3 = ﬁ e1+er+J— lZ+ €e1—er—J— lZ +4J% |,
_ +e+J L J L 2—i—4J2

Ipd = o €1 1T€ 14 €1— € 14
(46)

These poles solved from the retarded Green’s function u(z, ty)
indicate that the intersite couplings between the original four
sites in the ion Kv1.2 channel and the coupling of the first and
last sites to the extracellular and intracellular ion solutions,
respectively, make the original four on-site energy states be-
come four renormalized states. Usually, the quantum transport
is driven by the hopping processes. In the multilevel system,
such as the Hamiltonian in Eq. (2), the hopping processes
between sites generate four eigen modes. Each eigen modes
is a superposition of the original binding sites (four on-site
energy states). Specifically, the eigen modes arise from the
diagonalization of the system Hamiltonian; they can be ob-
tained by diagonalizing Eq. (12). Furthermore, due to the first
and the last binding sites coupled with the ionic solutional
environment, the coupling strength affects the ion transport

processes, generating the original eigen mode to turn into
the nonzero decay resonant states. Consequently, the four
renormalized new states are not the bound states; they are
usually called resonant states with nonzero decay width. The
real parts of these poles correspond to the renormalized ener-
gies of these resonant states, €] = iRe{z,,}, i = 1,2, 3,4, and
the imaginary parts represent the damping (decay) constants
of these resonant states. These basic quantum-mechanical
solutions cannot be obtained and described in the classical
picture.

Figure 3 shows the behavior of the four poles in Eq. (46)
as a function of energy level €, changes in units of €,. The
upper and lower panels show the real and imaginary parts
of the four poles, respectively. We present three different
parameter sets: (a) J = 0.2¢;, ' = 0.2¢; (moderate interdot
tunneling), (b) J = 0.8¢;, I' = 0.2¢; (strong tunneling), and
(c) J =0.2¢;, ' =0.02¢; (weak coupling). In all cases, we
vary €, from O to 3¢;. The real parts exhibit similar patterns
in all three parameter sets. Taking Fig. 3(a) for an exam-
ple, as e, becomes larger, two of the real parts approach
€, £ J, while the other two real parts (z,; and z,4) approach
€. When the transition energy is larger [see Fig. 3(b) with
J = 0.8¢], the separation between the real parts widens,
indicating enhanced level splitting. Weakening the reservoir
coupling I' primarily reduces the imaginary parts (the damp-
ing or decay rate) while leaving the real parts of poles (the
renormalized level) nearly unchanged. The imaginary parts
are sensitively determined by the reservoir coupling strength
I' [see Fig. 3(c) with I = 0.02¢,], as we expected. Notably,
when the system has the fully degeneracies (e, = €)), it leads
to pairwise equal decay rate. Similarly, at e, = €| 4+ J, two of
the decay rates become identical. These crossings reflect the
underlying symmetries of this four-level model.

After analyzing the properties of the four resonant en-
ergy states through the pole structure of the retarded Green’s
function, the physical quantities relevant to ion transport
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can be derived more explicitly. Given the explicit form of
the quantum memory kernel g,(z,¢") in Eq. (44), the ion

J

occupation number in the channel at an arbitrary time ¢ can be
obtained,

e—i(zp—z;,)t hFE AT,
ny (1) = n)z Z oo L2 Zi G2} ) + —Zia(2p)Z5 (2
P
E . (n—m'
+ ) ij(qu)Jm,(qu)zﬂ(zp)zjj(zp,)Tl (m—m)
m,m'=—o00 n=1
e”““d(m””,)’—ei[(zpil;/)/ e[(Z;’iiiwd"Hhﬂ @n=Dyx 7“‘71’7‘»;/)' e—iwd(/n—m')/ _e”("l’*;r” efi(zgruTE—mdm/—%(zn Dy 7[(1;#12,)/
« *"(wd'"*wdm'*wﬂrz*,) - z(zpf—fwderW(anl)) —i(wam—wqm'=z,+2),) - 7i(z;77 wam ,%(gn,l))
(a)dm -z +——%(2n—l)) (a)dm—z,,—i—’“ + ’”(2n—l))

+ Z ZJm@M)J ()Zis ()2 (2) ﬂ’ i)

m,m'=—00 n=1

elwd(mim/)[7E—i(zp—zl*),)t el(z—%-Hndm-%—%&n—l))rie—i(z,;—z; ' e,mdm_”,/)t797:‘(:,;72;‘),)r _ e*i(zpf%L{»mdm’f%Qu Dy i<z,rz;,)r
i(wgm—wam'+2p=2y) iz)— T +oam+ 5 2n—1)) i(@gm—wqm'+2,=2;) —i(z*,——+wdm’—ﬂ(2n—1))
X
—i(wgm' +z5, — G+ H@2n 1)) i(wam +zp — 5 — 5 2n— 1))
(47)
Then, the ion transient transport current can be calculated directly through Eq. (41),
2q I'e Iy I
It) = —ZRel | —=n; (t,t) — —nu(t,t)| — — T'5Z11(z,) — D1 Z44(z
0= {[2 (1) = St 1) 8ﬂZ( £211(2p) — T1Z44(z))
2
, . HLE i !
e—itm—m)wqt _ —1(1,7—7—5(2”—1)—7'1 wq)t
Z ZZJ (@) (¢>M)[FEzn<zp>z (=)
Zﬂﬂh m,m'=—oc0 n=1 2z, I(ZP T - (21’1 1) — mwy)
( ,)ei(m—m’)wdt —e —i(z,— T—Z%(Zn—l)-&-m’wd)t
— T Z4a(2p)i" " — . (48)
’ l(zp—%——(Zn 1) + mwy)
[
The quantum coherence effect induced by the time-varying hizp, = (4.156 — 0.006i)e,
voltage is demonstrated with an oscillatory transport current .
& y transp hizp, = (0.544 — 0.0430)e;, (49)

through the ionic tunneling. The transport current depends
on three key parameters: the renormalized resonance energy
levels ¢!, the chemical potentials uy, and the driving voltage
amplitude V. The chemical potentials specify the energy dis-
tribution of occupied states in two ionic leads. In particular,
when both chemical potentials align with a specific renor-
malized energy level, the resonant tunneling is maximized.
The strongest resonance enhances the current amplitude and
produces a pronounced sideband structure, with ions mainly
tunnel through the resonant level.

Here, we first give an example of the ion transport current
in Fig. 4, with €; = €4, €, = €3 = 2.5¢; and the transition
energy J = 1.2¢,. For this parameter setup, the poles of the
retarded Green’s function are given by

hizp, = (—0.059 — 0.028i)¢;,

hzp, = (2.359 — 0.022i)e;,

where the real parts represent the renormalized energy levels
€/, each of them is a superposition of the original four site
states in the ion channel. To focus on the time-varying driving
voltage effects, we have taken the chemical potentials of the
two ion solutions equal: u; = ug = w. The chemical poten-
tial is set as u = 2.36¢, closed to the second energy state
€}, = 2.359¢. The result shows that the tunneling through the
second renormalized energy state has the largest transport cur-
rent and demonstrates the significant sideband structure, while
the remaining currents through the other three renormalized
energy levels are negligible. This shows that the ion transport
is dominated by the resonant tunneling level.

The above example of Fig. 4 shows that, other than the
resonant state aligning with the chemical potential, only a
few ions tunnel through the other three resonant states. More
specifically, the energy distance between the chemical po-
tentials and the renormalized levels influences the tunneling
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FIG. 4. Ion transport currents contributed from each renormal-
ized energy level. Current /; represents the current from the ith
renormalized level with energy ¢;. In the selected parameter setup,
the current from the second renormalized level exhibits strong side-
band structure, while contributions from the other three renormalized
levels are negligible. The parameters are chosen as €, = €4, € =
€3 = 2.5¢, and the transition energy J = 1.2¢;. The chemical poten-
tial is set as u = 2.36¢,. The driving voltage is given by Eq. (42b)
with amplitude ¢V; = 0.8¢; and frequency 7Ziw, = 0.05¢,. Other pa-
rameters are taken as follows: the temperature k7 = 0.001¢;, and
the couplings of both intracellular and extracellular ionic leads I'; =
I'e = 0.1¢,. All parameters are set in terms of the energy unit €.

strength. To illustrate this tunneling behavior, we vary u
across different renormalized energy levels (see Fig. 5), keep-
ing all other parameters fixed. The resonance occurs when
the renormalized levels lie within the time-varying voltage
window range within [u — ¢V, i + qV,]. The strongest res-
onant current occurs when p aligns with a renormalized
energy level [see Figs. 5(a) and 5(e)], yielding pronounced and

o]

significant sidebands with larger current amplitude. When p
deviates from the renormalized energy level [see Figs. 5(b)
and 5(d)], the resonant tunneling becomes weaker, and the
current amplitudes are significantly decreased. As the energy
window lies between two renormalized energy levels [see
Fig. 5(c)], the resonant tunneling is too weak to show the
multiple oscillatory structure, so the current follows in a sim-
ple sinusoidal form. We find that when the chemical potential
w reaches to one renormalized energy level €/, and ¢V, is
smaller than the nearest-neighbor level spacing of the matched
level (¢Vu < |€; — €/]), the ion current displays a strong side-
band structure characterizing the strongest resonance [see
Fig. 5(e)]. The corresponding sideband structures are also
characteristic signatures of photon-assisted resonant tunnel-
ing, as observed in single-level resonant tunneling systems
[30,37,38]. Importantly, each renormalized level ¢! involves a
quantum superposition of original four on-site binding sites
€1, €2, €3, and €4. Therefore, even when the ion transport
appears to proceed through a single renormalized energy level,
it intrinsically involves the contributions from all four on-site
energy states in Fig. 2. This finding cannot be seen in any
classical picture.

Now, we can examine how the sideband structure depends
on the time-varying driving voltage amplitude gV, and the
frequency /iw,. The sideband oscillations arise from the dy-
namical memory effects encoded in the magnetic flux phase
¢y in Eq. (45), where the parameter characterizes the active
quantum memory. For sinusoidal driving, ¢, depends on the
ratio ¢V, /2hw,, which combines the amplitude and frequency
into a single control parameter to the active quantum memory.
Consequently, increasing gV, or decreasing /fiw,; produces
equivalent effects on the sideband dynamics. These time-
varying voltage-induced memory features are most clearly
revealed in the current-voltage (/-V) characteristics, which
display hysteresis loops whose complexity increases with
varying ¢y. In the following example, we fix the chemical
potential at u = 2.36¢,. Figure 6 shows three representative
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FIG. 5. The ion transport with different chemical potentials: (a) u = 0.6¢;, (b) u = 1€y, (¢) u = 1.5¢;, (d) © = 2¢;, and (e) u = 2.36¢;.
The time-varying voltages are given in Eq. (42b) with parameters ¢V; = l€; and fiw; = 0.05¢,. The upper panel shows the renormalized energy

levels (with the colored bars represent the renormalized energy levels €, ..

., €,). The horizontal dashed line marks the chemical potential u,

and the shaded region [t — gV, u + ¢V,] indicates the energy window of for the resonant tunneling. The lower panel is the calculated ion
current. The on-site binding site energies are taken as €; = €4 and €; = €3 = 2.5¢,. The transition energy is set as J = 1.2¢;. Other parameters
are taken as follows: the temperature k7 = 0.001¢; the couplings of both intracellular and extracellular ionic leads I'; = 'y = 0.1¢;. All

parameters are gien in terms of the energy unit €.
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FIG. 6. The currents and the current-voltage characteristics (/-V curve) derived from Eq. (48). The left panel shows the transient ion
channel currents in response to the time-varying bias voltage (dashed line). The right panel is the corresponding /-V curve. The parameters
are set for (a), (b) gV, = 0.2¢;, hwy = 0.1€; (P = 1); (¢), (d) ¢Vy = 0.8¢€y, hwy = 0.1€; (¢ = 4); and (e), (f) gV, = 0.4¢1, hw, = 0.05¢;
(¢py = 4). The temperature is kT = 0.001¢;, and the couplings of both intracellular and extracellular ionic leads are I'; = I'r = 0.1¢,. The
parameters of the binding site energy are €, = €4 and €; = €3 = 2.5¢,. The transition energy is set as / = 1.2¢,. The chemical potentials are
equal, ug = p; = 2.36¢;. All parameters are set in terms of the energy unit ;.

cases with different driving parameters. For all cases, we
initialize the system with zero ion occupation, n(fy) = 0. Fig-
ure 6(a) is the ion current for Ziwy; = 0.1€; and gV; = 0.2¢;
(¢ = 1). After two driving cycles, the current reaches steady
state with simple sinusoidal response with a phase shift rela-
tive to the driving voltage. The corresponding I-V curve [see
Fig. 6(b)] forms an ellipse without sidebands. This result is
the same as the I-V curve of the usual classical RLC circuit
formed by the passive electronic components.

However, when the amplitude increases to gV,; = 0.8¢; and
keeps the frequency hwy; = 0.1€; (¢py = 4) [see Fig. 6(c)],
the memory effect associated with the magnetic flux phase
strengthens. As a result, the current oscillates beyond a sim-
ple sinusoidal form, showing the sideband structure, and
the I-V characteristic forms nonzero crossing points, as
shown in Fig. 6(d). Alternatively, reducing the frequency to

hwg = 0.05¢;, while keeping gV; = 0.2¢; (yielding ¢y = 4),
produces qualitatively similar features, as shown in Figs. 6(e)
and 6(f). Overall, increasing the driving amplitude or de-
creasing the frequency enhances the active memory effect, as
evidenced by stronger sideband oscillations and the increas-
ingly complex I-V hysteresis. All these features scale with
dum, confirming its role as the key control parameter. This
phenomenon results from quantum coherence governed by
the active quantum memory factor M (¢, t') in Eq. (30). The
active quantum memory governs the emergence of sideband
structure and hysteresis in ion channel transport. In the next,
we will quantify these memory effects through a systematic
analysis of the hysteresis crossing points.

As shown in the previous examples (see Fig. 6),
the ion transport current reaches the steady state within
approximately two to three driving periods. In Eq. (48),
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FIG. 7. Active quantum memory in the ion transport in ion channel. The ion current (dark-blue line) changed along with the sinusoidal
bias voltage (dashed line) is presented in the left panel, the corresponding /-V characteristics (green line) in the middle panel, and the steady-
state differential conductance (brown line) in the right panel. Four flux phase strengths are set with (a)-(c) ¢ = 1 (iwy = 0.4¢€y), (d)—(f)
oy =2 (hwg = 0.2¢1); (2)-(1) pp = 5 (hwy = 0.08¢;), G)—(1) pu = 8 (hwy = 0.05¢;). The driving voltage amplitude is fixed to gV; = 0.8¢;.
Other parameters are set as follows: the temperature k7 = 0.001¢,, the couplings I', = 'y = 0.1¢,, the binding-site energies €; = €4, €, =
€3 = 2.5¢;, and transition energy J = 1.2¢;. The initial ion occupation number in the ion channel n(fy) = 0. The chemical potentials are

M = UEg = 2.3661.

the magnetic flux phase strength ¢,, in the Bessel function
characterizes the quantum coherence induced by the external
time-varying voltage through the effective magnetic flux, as
seen in the definition given by Eq. (45). Figure 6 shows
that the complexity of sideband dynamics increases with
relatively larger ¢y,. Consequently, ¢y, quantifies the active
quantum memory, characterizing the influence of the driving
bias voltage in terms of the effective magnetic flux. We now
systematically vary ¢, to show its effect on the ion current
and the I-V curve. For small ¢y, the memory effects are
weak. For example, at ¢y = 1 [see Fig. 7(a)], the ion current
shows a simple sinusoidal form with a phase shift relative
to the driving voltage, analogous to the previous example
as shown in Fig. 6(a). The I-V curve forms a simple ellipse
without crossings [see Fig. 7(b)]. When the flux phase strength
increases to ¢y = 2, the memory effect strengthens, distorting
the I-V curve from the elliptical shape [see Figs. 7(d) and

7(e)]. For larger ¢, pronounced sidebands appear, and the
nonzero crossing points develop in the /-V hysteresis loop. At
¢u =5 [see Fig. 7(h)], the I-V curve exhibits two crossing
points, and at ¢, = 8 [see Fig. 7(k)], the number of crossing
points increases to 4. We therefore define the active quantum
memory strength as the number of hysteresis crossing points.

To further characterize the sideband dynamics, we examine
the differential conductance

G(t) = dI(t)/dVy(t). (50)

The right panel of Fig. 7 shows the G — V characteristics,
where the differential conductance oscillates between plus and
minus infinity. These divergences are a sort of Fano reso-
nance. The divergent conductances arise at the tuning points
of the I-V trajectory. For the weak active quantum memory
(¢m = 1), G — V curve only crosses itself once at ¢V}, = 0, as
shown by Fig. 7(c). However, as the flux phase increases to
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¢p =5 and ¢y = 8, additional crossings at nonzero voltage
(qVp # 0) emerge in the G — V diagram [see Figs. 7(i) and
7(D]. Remarkably, the number of nonzero crossing points in
the G — V characteristics equals to the crossing in the I-V
hysteresis, despite occurring at different voltages [see the
example of ¢y = 5 in Figs. 7(h) and 7(i), and also ¢y = 8
in Figs. 7(k) and 7(1)]. These results indicate that, at the con-
dition of strongest resonance (4 = €;), the number of crossing
points grows systematically with the increase of ¢, providing
a quantitative experimental signature of the active quantum
memory. Thus, both ¢, and the observed number of cross-
ing points serve as descriptors of memory strength in an ion
channel system. Since the number of crossing points can be
directly measured from the /-V curves, our theory provides a
practical experimental protocol for detecting quantum coher-
ence effects in ion channel transport.

C. The active quantum memory in the realistic ion channel
energy scale at room temperature

In the preceding analysis, the active quantum memory
arises from the time-varying external membrane potential,
and it is quantified by the magnetic flux phase strength ¢u,.
Usually, at high temperatures, thermal fluctuation suppresses
quantum coherence, causing the system to exhibit classi-
cal behavior. The suppression of quantum coherence causes
the quantum memory to vanish as well. This decoherence
phenomenon can be explained in terms of the two-time cor-
relation memory kernel of Eq. (29b) in our theory, by taking
a high temperature (kg7 & €;), compared to the system in
a temperature much lower than €;. Then the Fermi-Dirac
distribution becomes nearly flat over the energy range in a
constant number f(e) ~ %, and the memory kernel gg(z —t)
is reduced to g2 (t —t') ~ §(¢t — t'). Correspondingly, the dy-
namics thus could become Markovian, namely, memoryless.
Consequently, at high temperatures, the system exhibits resis-
tive behavior with linear I-V response (the Ohmic relation),
eliminating all the quantum memory signatures.

To examine the temperature effect in our ion transport
dynamics, we study the ion current, the corresponding I-V
curve hysteresis, and the differential conductance by fix-
ing ¢y = 8 across four different scales of the temperatures:
kT = 0.001€¢;, 0.01€1, 0.1€1, 1€;. When the system is at low
temperatures [kT = 0.001¢; and 0.01¢;; Figs. 8(a)-8(f)], pro-
nounced sidebands always present in the ion current. Both
cases have four nonzero crossing points in the /-V hysteresis
and G-V diagram. However, as the temperature increases to
kT = 0.1¢; [see Figs. 8(g)-8(1)], the sidebands disappear, in-
dicating the loss of the quantum coherence. Correspondingly,
the number of crossing points decreases to two in both the I-V
hysteresis and G-V diagram, confirming the loss of quantum
memory. As the temperature further increases to k7T = l¢
[see Figs. 8(j)—8(1)], which is the fully Markovian regime, the
ion current becomes pure sinusoidal form with the same phase
as the driving voltage, and the sidebands disappear. The I-V
relation becomes linear [see Fig. 8(k)], and the conductance
turns into a constant value [see Fig. 8(1)], characterizing a
resistive behavior obeying the classical Ohmic law. These
results show that the thermal fluctuations at high temper-
atures can destroy quantum coherence. As thermal energy

increases, the active quantum memory will decrease. This
has challenged the existence of quantum effects in the room-
temperature biological systems, even though some studies
suggest that quantum coherence may persist in complex bio-
logical environments at room temperature [40]. In the next, we
will demonstrate the appearance of active quantum memory in
a realistic ion channel system at room temperature.

Following the above analysis of quantum memory effects
in ion channel transport currents under periodic time-
dependent bias voltages, we now incorporate physiologically
realistic parameters relevant to neural signal transmission.
We show that active quantum memory effects can be ob-
served experimentally through single ion channel recording
techniques. The realistic ion channel energy scale is guided
by the experimental data from patch-clamp measurements.
The Kv1.2 channel turns to be in the opening state from
approximately —40 mV, and becomes totally opened at about
—10mV [41]. It remains in the opening state as the mem-
brane voltage keeps increasing. Accordingly, we model the
transmembrane potential as a periodic voltage V,(¢) varying
in a range from —150 to 150 mV. Based on characteris-
tic energy barriers for ion transport of approximately 2—4
kcal/mol (approximately 87—174 meV) [15], we set the on-
site energies as €; = €4 = 120meV and €; = €3 = 180 meV,
reflecting a symmetric potential profile within the selec-
tivity filter. The hopping energy is set to be J = 30meV
for all adjacent sites. The coupling strengths between the
channel binding sites and the extracellular and intracellular
electrolytic solutions are characterized by coupling constants
I'g =T = 10meV. The chemical potentials of both sides
are the same as wg = u; = 10meV, denoting that the mem-
brane potential difference is mainly dominated by V,(¢). The
temporal dynamics of the ion channel current are primarily
governed by the time-dependent voltage V), (), with a driving
frequency corresponding to fiw; = 40 meV, consistent with
the characteristic energy scale of the system.

The typical temperature in physiological neuronal environ-
ments is approximately 20 °C, corresponding to a thermal
energy of kgT ~ 25meV ~(0.2¢,. This shows that thermal
fluctuations are not large enough to destroy the ion coher-
ent tunnelings. Given that energy scales and temperatures in
nanoelectronic systems, where quantum coherent tunnelings
are dominant in the electron transport, can be proportionally
scaled to match those in ion channel systems, we find that
ion channels operating at room temperature can have quantum
memory effects. To illustrate this correspondence explicitly,
we consider an analogous multilevel quantum dot device in
which all energy parameters are scaled down by a factor of
1000-10 000 relative to the ion channel system due to the
mass scale difference between ions and electrons. Thus, we
take the quantum dot energy levels with €; = ¢4 = 0.12 meV
and €, = €3 = 0.18 meV, with nearest-neighbor tunneling en-
ergy J = 0.03 meV. The coupling strengths to the source and
drain leads are I's = I'p = 0.01 meV. The operating temper-
ature is about 0.29 K, corresponding to a thermal energy of
kgT = 0.025meV. The chemical potentials of both leads are
set equal, us = wp = 0.01 meV, so that the current is driven
solely by the time-dependent bias voltage, which oscillates
at fiwger = 0.04 meV (about 10" Hz). We also apply sinu-
soidal voltage modulations for five complete cycles, with two
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FIG. 8. The temperature dependence of the ion channel current (dark-blue line) changed along with the sinusoidal bias voltage (dashed
line), the I-V curve hysteresis (green line), and the steady-state differential conductance (brown line) under the oscillating bias voltage with
different temperature (a)—(c) kT = 0.001€;, (d)—(f) kT = 0.01€¢, (g)-(1) kT = 0.1€;, and (j)—(1) kgT = le;, from the top panel to the
bottom panel, respectively. The flux phase strength is fixed in ¢, = 8 with biasing voltage amplitude gV, = 0.8¢;. Other conditions are the

same with Fig. 7.

amplitudes, eVyor = 0.05 meV and eVyo = 0.15 meV. The re-
sulting electronic transport currents are shown in Figs. 9(a)
and 9(b), respectively.

Then, for the ion channel system, we apply periodic volt-
age modulations with two amplitudes, gV; = 50 meV and
qVy; = 150meV, where g is the charge of a single ion.
The driving frequency is set as fiwy; = 40 meV, correspond-
ing to about f; =9.68 x 10'2Hz. The currents are shown
in Figs. 9(c) and 9(d). The close correspondence between
Figs. 9(a) and 9(c), as well as between Figs. 9(b) and 9(d),
demonstrates that these two physically distinct systems, elec-
trons in quantum dots at cryogenic temperatures and ions
in biological channels at room temperature, show the equiv-
alent quantum transport characteristics under appropriately
scaled parameters. The sideband current features observed in
Fig. 9(d) reveal that even at room temperature, active quantum
memory effects persist when both the magnetic flux phase
strength ¢, and the voltage amplitude are sufficiently large
to overcome thermal fluctuations. Building on these observa-
tions, we analyze the signatures of active quantum memory

in the ion channel system using the same approach as in
the previous section, focusing on the crossing points in the
current-voltage characteristics and the features of the differ-
ential conductance.

In Fig. 10, we examine the ion channel system at room
temperature (approximately 20 °C) under varying voltage
amplitudes (¢V; = 50, 150, and 200 meV) with a fixed
driving frequency of fiw; = 40meV. The first two cases
(qVa = 50 and 150 meV) employ the same parameters as
those in Figs. 9(c) and 9(d). At gV; = 50 meV, corresponding
to a lower phase strength of ¢y, = 0.625, the current-voltage
characteristic exhibits no crossing points [see Fig. 10(b)],
and the differential conductance displays no zero-crossing
features [see Fig. 10(c)], where the quantum memory
is suppressed. However, when the voltage increases to
qVas = 150meV with the phase strength ¢, = 1.875 while
maintaining the same frequency, the current develops side-
band structures and the /-V characteristic slightly shows two
crossing points, as shown in Figs. 10(d)-10(f). In addition,
the zero-crossing feature is more pronounced in the G-V
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FIG. 9. The comparison of the scaling unit between the electronic system and the neural system. The top panel presents the currents in the
scale of the electronic system at low temperature (0.29 K). Two different voltage amplitudes are set as (a) Vgor = 0.05 mV and (b) V4o, = 0.15
mV. The bottom panel presents the currents in the scale of the ion channel system at room temperature (290 K). The voltage amplitudes are set

as (¢) V; =50 mV and (d) V; = 150 mV.

diagram. These observations are consistent with the predic-
tions

presented in Fig. 7. Upon further increasing the voltage
amplitude to 200 meV, as depicted in Figs. 10(g)-10(i), the
two crossing points in the /-V characteristics become more
pronounced, further corroborating the presence of active
quantum memory effects at room temperature.

In summary, these results demonstrate that single
ion channels can exhibit active quantum memory under
terahertz-frequency time-varying potentials, even at room
temperature. The quantum coherence induced by the
external voltage at the characteristic energy scale of the ion
channel manifests through the sideband behavior in the ion
steady-state current, the nonzero crossing points of /-V char-
acteristics, and the corresponding nonzero crossing points of
G-V diagrams. We note that the current magnitudes in Figs. 9
and 10 are approximately several hundred nanoamperes, about
3 orders of magnitude larger than the picoampere-level cur-
rents typically observed in patch-clamp experiments. This
discrepancy arises because patch-clamp measurements mea-
sure not an isolated single ion channel, but rather the average
of a complex circuit composed of numerous ion channels em-
bedded in the cell membrane. The cell membrane is composed
of a lipid bilayer, which functions similarly to a capacitor
group in parallel among the ion channels. A large current is
required to charge or discharge the membrane capacitance.
These capacitive transient changes can distort or completely
mask the rapid opening and closing of single ion channels,
thereby could effectively reduce the applied high-frequency
voltage. Also, the resistance of the pipette tip acts in series

with the membrane, causing the actual voltage experienced by
the membrane is lower than the applied voltage. Nevertheless,
our single-channel model preserves the sideband structure
associated with active quantum memory and reveals quantum
coherence under the applied high-frequency voltage. These
theoretical predictions suggest that experimental observation
of active quantum memory effect in ion channels requires an
isolated single ion channel measurement with high temporal
resolutions.

IV. DISCUSSIONS AND PERSPECTIVES

In this work, we construct a quantum ion channel model
for the ion selectivity filter region to describe the ion channel
dynamics. We model the selectivity filter as a multilevel ionic
tunneling junction and study the ionic quantum transport. By
deriving the quantum Langevin equation from the first prin-
ciple of quantum mechanics and the ion transport current in
terms of the nonequilibrium Green’s functions, we can study
the ion channel dynamics in the open quantum system frame-
work. We find that the external time-varying voltage applied
across the cell membrane induces an effective magnetic flux
phase. It further causes quantum coherence to emerge in ion
tunneling and forms quantum memory in the ion system. We
define this memory dynamics as the active quantum memory
and show that the active quantum memory is manifested in
terms of the sideband oscillations of the ionic current. We also
find that the active quantum memory can be depicted by the
nonzero crossing points in both the I-V hysteresis and the G-V
diagram, which provides a quantitative way for observing the
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FIG. 10. The ion transport currents, the I-V characteristics and the differential conductances with different voltage amplitude in the neural
scaling unit, which are set as (a)—(c) gV, = 50 meV, (d)-(f) ¢V, = 150 meV, (g)-(i) ¢V, = 200 meV with oscillating frequency hw,; = 40

meV (about 9.68 THz). All of them are set in the room temperature 290 K. Other parameters are the same as in Figs. 9(c) and 9(d).

active quantum memory in experiments. This also gives an
underlying quantum description of the active quantum
memory in the ion channel under neuronal membrane
stimulation.

Furthermore, we investigate the extent of active quantum
memory for different temperatures. Specifically, we examine
whether quantum coherence disappears at high temperatures.
As expected, the number of crossing points in both the I-V
hysteresis and the G-V diagram decreases when the tempera-
ture increases significantly. When the temperature becomes
very high relative to €, the system retains no memory,
and the I-V relation reduces to an Ohmic relation. Given
that the ion channels operate at room temperature, we also
demonstrate the results on the real biological scale. By esti-
mating the characteristic energy scale of the Kv1.2 channel
using the free energy landscape from Bernéche and Roux’s
theory and other relevant data, we find that the ion dynam-
ics in the ion channel exhibit active quantum memory at
room temperature. This result demonstrates that under physi-
ological conditions with appropriate external stimulation, the
active quantum memory can be observed in the ion channel
dynamics.

However, experimental verification of these predictions
faces significant technical challenges. To observe the side-

band oscillation behavior in the ion current, such as nonzero
crossing points in I-V hysteresis and differential conductance
calculated in this work, the temporal resolution of measuring
single ion channel current must be improved from millisec-
onds to nanoseconds and even picoseconds. The implemen-
tation of these results would require a terahertz-frequency
oscillating bias voltage in the patch-clamp experiments and
the nanosecond to picosecond time resolution in the cur-
rent measurement, while such high-frequency protocols have
not yet been implemented. Practically, due to limitations in
signal-to-noise ratio affecting the sampling frequency, the
time resolution of single ion signal recordings remains lower,
mostly at the millisecond resolution in most of the electro-
physiology experiments [42—44]. It is worth mentioning that
a cross-domain method using the micro- or nanoelectronic
structure measuring the single ion channel signal supports
a higher bandwidth of about 500 kHz to 10 MHz [45-48],
corresponding to the time resolution of microseconds. Except
for the nanostructure measurement, there are optical stimula-
tion and all-optical electrophysiological techniques, providing
high-speed and noninvasive measurements [49-51], and the
two-dimensional infrared spectra, which capture the ultrafast
snapshot of ions, providing an instant ion configuration in the
selectivity filter with the time resolution in picoseconds [52].
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Our theoretical predictions provide a concrete experimental
protocol for detecting quantum coherence in ion channels.
We believe that such results would be achievable with the
advanced techniques in the future.

To utilize our quantum-mechanical approach within the
broader landscape of ion channel research, we note that
current experimental observations of ion channel dynamics
typically focus on collective behavior in channel clusters. The
advances in structural biology, including cryo-EM and high-
resolution NMR, have enabled the detailed structural analysis
of ion channels in various functional states. Complementarily,
optogenetics [53,54] and chemogenetics [55-57] techniques
enable precise manipulation of ion channels in living cells.
Additionally, the ion transports in the channel under the tera-
hertz resonant field have been analyzed theoretically [58-61]
and experimentally [62], supporting the evidence that the
resonance with the selectivity filter enhances the permeation
of ions in the channel. These techniques have improved the
understanding of the dynamic role of ion channels in the neu-
ral system. We hope that this work, based on the underlying
quantum dynamics, can provide a starting point for a quantum
mechanics-based description of ion channel dynamics.

In this study, we only model and analyze single ion channel
dynamics as a simple solvable system in quantum-mechanical
theory, which is still far from the complexity of real neural
system. Nonetheless, our findings raise intriguing questions
about potential connection to higher-level psychological func-
tions. A specific memory concept related to learning and
cognition is the so-called working memory [63-68]. The de-
pendence of active quantum memory on the amplitude and the
frequency of oscillating voltage shares similar characteristics
with working memory in cognitive neuroscience. Specifically,
both the active quantum memory and the working memory
are enhanced when the external stimuli have a higher am-

plitude or a slower and more sustainable duration. Based on
our theory, we anticipate that working memory may be a
collective phenomenon of active quantum memory. This gives
a possible explanation for the physical principle of working
memory at the microscopic level.

While such parallels are suggestive, we emphasize that
establishing a direct mechanistic link between single-channel
quantum coherence and macroscopic cognitive phenomena
remains highly speculative at present. Given that the chan-
nel potential changes measured by both the voltage clamp
(such as the action potential in Hodgkin and Huxley model)
or the patch clamp in ion channel experiments are around
100-200 mV, indicating that the temperature effect is not
the dominant factor. Thus, we speculate that the quantum
memory effect will exist in more than one ion channel, where
the Hamiltonian should be more complex. Our present work
focuses on the fundamental quantum transport of ion channel
selectivity filter and provides a starting point for investiga-
tions into whether quantum effects at the molecular level can
contribute to neural dynamics. Such explorations, while chal-
lenging, could offer perspectives on the physical foundations
of biological systems.
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