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Particle transport is a fundamental aspect of various systems, from artificial to biological. A common assumption is
that particle motion follows Markovian (memoryless) processes in the absence of interaction between particles. However,
hydrodynamic memory and the interaction between particles are ubiquitous, leaving many fundamental questions unan-
swered regarding transport of interacting particles involving hydrodynamic drag in corrugated channels, as described by
the fractional Langevin equation. This study examines the hydrodynamic transport of interacting non-Brownian particles
moving within a corrugated channel. We propose a method that relies on factors such as temperature, the driving force to
alternate between no transport and finite net transport. Of importance is to note that the absence of transport results from
the clogging, while the transport consists of collective motion and independent motion. The transport systems investigated
in this work suggest the potential for sensor functionality within the system. Our findings may prove valuable for exploring
the transport with hydrodynamic memory in various fields, including biology, physics, and chemistry.
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1. Introduction

Transport plays a crucial role in numerous fields, includ-

[1-3] biology,* medicine,®! chemistry, and ma-

ing physics,
terials science. Since the early 2000s, extensive research has
been conducted on the transport of particles moving through
various channels or tubes under diverse conditions. Exam-
ples of theoretical investigation include entropic transport, !}
entropic splitter!® and inertial effects!’! for Brownian parti-
cle, entropic electrokinetics for ions,!8! manipulating chiral
microswimmers, [’ and active Brownian motion.['%! Examples
of experimental investigation include stochastic sensing with
single protein pores!!!l and hydrodynamic and entropic ef-
fects for colloidal particles.!'?! These transports are frequently
studied in molecular sieves, nano- and micro-pores, ion chan-
nels, chromatography, and membrane channels.!!*! Moreover,
they also have a key role in particle separation and bioparticle
focusing applications in clinical diagnostics.!'*l Most works
mentioned above studied the transport of noninteracting par-
ticles with Stokes memoryless friction. Therefore, the trans-
port with Stokes memoryless friction in channels or tubes has
been thoroughly understood. However, for the random walker
interacting with its environment, memory effects cannot be
neglected.!'>! The transport with a hydrodynamic memory for
particles moving in a corrugated channel remains to be eluci-
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dated.

It is well-known that the transports for experimental study
in channels or tubes were extensively investigated in numerous
fields, such as the traffic of a viral motor channel for double-
stranded DNA translocation,'*! a viral DNA-packaging motor
channel in lipid bilayers, '] myeloid cell migration in vascu-
lar channels,!!”! Piezo2 channel promoting cell mechanobi-

ological responses,!'®!

a calcium-permeable channel trigger-
ing plant immune signaling,''”! mechanically activated ion
channels,?%! the platelet SOC channel leading to pathological
thrombus formation.®! One important question is what fac-
tors affect the transport or escape of particles in a channel?
Previous theoretical and experimental investigations demon-
strated that the volume of the confining domain and the start-
ing point to aperture distance greatly affect narrow escape time
of the particles.>' Moreover, aperture size also influences es-
cape rates in microbial narrow escape.??! Motility parameters
of active particles impact the narrow-escape time from circu-
lar domains.[?* A natural question is how the temperature af-
fects the transport with hydrodynamic memory in a corrugated
channel? Do these factors result in the occurrence of the clog-
ging?

Transport with a hydrodynamic memory for theoreti-
cal investigation has been extensively studied in various sys-
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tems. Examples for a hydrodynamic drag include fractional

Brownian motors,?¥ the transport optimization in rocking

[25 [27]

ratchets, > nonlinear transport,?®! anomalous transport,

anomalous kinetics of magnetosensitive ion channels,?8! etc.
Additionally, the transport of fractional Brownian motion has
also been investigated in several systems, such as transport and
escape in a deformable channel.!*! It should be noted that
a dynamical equation involving hydrodynamic memory can
correspond to a fractional differential equation, which may
potentially encompass a fractional Langevin equation.3%-33]
Systems characterized by fractional differential equations have
been extensively investigated in various fields since the early

S,[34

2000s, such as fractional cable model 1 Chua’s circuit

1,131 a financial system with frac-

¢ 137

model with fractional orde

5,136 ! fractional

tional calculus,®®! fractional Josephson effec
Schrodinger equation. [*81 However, studying systems with hy-
drodynamic memory is challenging due to the complexity of
fractional dynamical equations. Anomalous phenomena have
been identified in such systems, which are characterized by
fractional differential equations.

In recent decades, significant interest has been devoted to
the transport of particles moving within corrugated channels or
tubes. However, previous explorations have primarily focused
on the transport of noninteracting particles.!'-%81 In reality, in-
teractions among particles in various systems are ubiquitous
and, in some cases, cannot be overlooked. Consequently, nu-
merous studies over the past 20 years have examined the in-
teractions between particles in a wide range of settings. Ex-

1391 nonlin-

amples include repulsive power-law interactions,
ear interactions, *° hydrodynamic interactions, *!! long range
This

raises the question of whether the interaction causes the

interactions,*?! time-dependent interactions,*3! etc.

jamming or clogging, which leads to the disappearance of

the transport.
gladdel

It should be noted that both jamming and
cloggin resulting from interaction have been exten-
sively investigated in the last decades in various systems. Ex-
amples of experiment investigation include granular hopper
flows, ¥ the jamming of soft disks,*®! and jamming transi-
tion in granular systems.!*’! The general case for the transport
of interacting particles with hydrodynamic memory moving in
corrugated channels or tubes remains open. It should be noted
that a widespread assumption for interacting particles is the
Lennard—Jones potential.!'?! Besides transport with hydrody-
namic drag, other anomalous phenomena with hydrodynamic
memory in corrugated channels or tubes are also of great in-
terest. Examples include the hydrodynamic memory leading
to hyperdiffusion,®!l resonances,’*?! and superdiffusion. 33!
Moreover, fractional Brownian motion has also been stud-
ied in many works, such as nonergodicity and heterogeneous
diffusion, 8] and transient aging.[49] However, to our best

knowledge, the transport of interacting particles with hydro-

dynamic memory remains unexplored in a corrugated channel.

2. Model and methods

We here consider interacting particles with memory ker-
nel and non-Brownian diffusion moving in a corrugated chan-
nel which is characterized by a fractional friction coefficient
and fractional Gaussian noise.[>*2032391 Thus the particle
evolves as

1
o /0 et —Yigdt' = F+ Fo+6(1), (1)

where k =1,2,...,N, N is the number of interacting particles.
my is the mass of the kth particles. () = (x(t), v (¢))T de-
notes the position of the kth particle at time z. F' = (F,0)T and
F;,, = — VU (r) denote the driving force and the interaction
forces between particles. Here Ujy(r) is the Lennard—Jones
(2)%], where e
and o are the coupling strength and characteristic length of

potential and given by Uiy (r) = 4€[(2)"? —

the Lennard—Jones potential, respectively. &(7) is a Gaussian
noise and its statistical properties are as follows:

(&i(1)) =0,  (&ui(1)&;(1")) = ks T & jmic(|r — 1)),

where i, j = x,y, and 7 (¢) is the memory kernel. For the two-
dimensional structure depicted in Fig. 1, we consider a reflec-
tion symmetric sinusoidally shaped channel as follows:

w(x) = £0.25 | (gw +&n) — (8w — &gn) cos(27x) |,

where the parameters g, and g, represent its minimum (called
the bottleneck) and maximum width, respectively.

0.6 T T T
0.3F
;3 O gn
—-0.3r b
L
—0.6 ! !
—2 —1 0 1 2
x

Fig. 1. A segment of the corrugated channel confining the underdamped
motion of interacting particles with non-Brownian diffusion. L and g, are
the periodicity and the the bottleneck, respectively. The radii of particles
(blue spheres ) are equal to 6 /2. The parameters are gy = 1.0, g, = 0.1,
6 =0.05,and L =2.0.

Through the fractional Riemann—Liouville derivative, the

frictional term can be recast.
[50]

Equation (1) is rewritten as
follows:

mi + N oD 1y = F 4 F +&(1), ()

where « is the power-law exponent of diffusion without the
interaction, boundaries, and driving forces, (D%~ ! is the
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Riemann—Liouville fractional derivative. To realize numerical
simulation of Eq. (2), we introduce auxiliary variables M and
the corresponding multi-dimensional Markovian dynamics wu;

as follows:
dry(r)
T = v(t),
duy(t)
=F+F,
m dr + t
- Z g (t) — Novk(t) + v/ 2k T1o&ro (1)
duy;(t
(]1([( ) = —Mivk(t) + Pk (t) + \/ 2kp T ;i (¢
Here vy (1) = (viee(1), vi (1)) wie(r) = (g (1), 1y (1)) i =
to/b', Mi = Ca(b)Neu®/II(1 — o)| for i =1, 2 M @
denotes the ith auxiliary variable), and 19 = i:l n; / Ui =

67psUR (Stokes friction coefficient). Here pf, i, and R are the
liquid density, kinematic viscosity, and radius of particles with
mass density p. &o(r) and &;(7) are Gaussian white noises
with mean zero and variance one. & (¢) is given by

&ol(t) Z

We fix o =3/2, m = 1.0, and gy = 1.0, unless otherwise
stated. All quantities are in dimensionless units. Based on
Ref. [50], we here take yyp = 1000 and b = 5. According to
(ar*(1))

particles M to guarantee oo = 3/2 in diffusion without inter-

i 770 Ekl

= (r2(t)) — (r(t))? < t*, we here choose auxiliary

action, the driving force, and the limitation of the corrugated
channel. We present the diffusion in Fig. Al of Appendix A,
which shows that for M = 13, a is equal to 3/2.

The Fokker—Planck equation corresponding to the gen-
eralized Langevin equation (1) is generally unsolvable. As a
result, the transport and corresponding statistical properties of
interacting particles moving within the system are investigated
through numerical simulations. We employ the stochastic Eu-
ler algorithm %! with time step Az = 10~ to discretize Eq. (3).

To characterize the anomalous transports and their statis-
tical properties, we first analyze the dynamical behaviors of
the system through the average velocity and diffusion. We
analyze these results through the phase-space map. For ini-
tial conditions, the positions of all particles are arranged in a
grid pattern at a period. The initial positions x;(0) and y,(0)
range from L/3 to 2L/3 and from —0.7gy to 0.7gy, respec-
tively. The auxiliary variables uy,(0) follow a Gaussian dis-
tribution with zero mean and variance LT7); in intervals [0, L],
while u,(0) follow a Gaussian distribution with zero mean
and variance T1;. Due to a result depending on the initial
conditions, the average velocity calculations incorporate 50
realizations with different initial conditions. To interpret the

findings depending on the initial conditions, we present this
result in Fig. A2 in Appendix A. We thus test the other scheme
whose results are identical to these results. Namely, the initial
positions x;(0) and y,(0) are uniformly distributed over the
intervals [—L/2,L/2] and [—0.1w(x),4+0.1w(x)], respectively.
The initial distance between two particles is larger than 0.50.
The initial velocities vi(0) and v, (0) both follow a Gaussian
distribution with zero mean and variance 7. Moreover, the
auxiliary variables uy,(0) follow a Gaussian distribution with
zero mean and variance LTn; in intervals [—L/2,L/2], while
uky(0) follow a Gaussian distribution with zero mean and vari-
ance T1;. To achieve a convergent result, 107 time steps of
the initial transient state are removed, and 103 time steps of
the steady state are utilized for each trajectory. We employ an
inelastic boundary condition, as described in Ref. [51]. It de-
fines an inelastic wall at which the particle does not move at
all if the step would take it into the forbidden region. Namely,
for the step in the forbidden region, the position of the particle
does not change and its velocity becomes zero.

3. The result

In order to examine the transport of interacting particles,
we present the average velocity (v) as a function of both tem-
perature 7' and driving force F in Fig. 2. It is shown that for
a small F, there exists a maximum with the increase of T.
For a large F, there coexist maxima and minima of (v) with
the increase of T. Figure 2 also shows that the transport dis-
appears for a high temperature. It is worth noting that these
nonlinear transports happen when the bottleneck g, is equal
to the characteristic length o. Furthermore, for g, > o (i.e.,
gn = 0.3), (v) monotonically decreases with the increase of T,
as shown in Fig. A3 of Appendix A. Moreover, for a fixed 7T,
(v) increases with the driving force F. Based on the trans-
port resulting from the change of the temperature and driving
force, we, therefore, propose that the transition between no
transport and a finite net transport may realize the sensor of
interacting particles with non-Brownian diffusion. The sensor
is potentially useful for exploring the transports of interacting
colloidal particles, microswimmers, ions, etc.

To comprehend the underlying physical mechanisms of
these results, we analyze the dynamical relaxation through the
time series, phase space, and probability distributions corre-
sponding to points A—D of Fig. 2 for different time intervals.
To see how temperature affects the transport, we present the
time series of 20 interacting particles for the time ranging
from ¢ = 0 to 100 (Figs. 3(a)-3(d)) and from ¢ = 1000 to 1100
(Figs. 3(e)-3(h)). For T = 0.001, figure 3(a) shows that for the
initial state, 20 interacting particles correspond to 20 curves,
whereas there exist three curves first, then two curves, and
three curves finally. It should be noted that 18 interacting par-
ticles remain in the initial positions, suggesting that the clog-
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ging arises, labelled by “Clogging” in Fig. 3(a). To provide
more insight into the clogging, we present the corresponding
phase space in Fig. 3(i), displaying that there exist two parti-
cles moving in phase space, and other 18 interacting particles
remain at the initial positions and form the clogging. For the
steady state, there exist three curves in Fig 3(e), showing that
the clogging still appears. This implies that the average veloc-
ity is trivial due to the clogging for most of the particles and the
mobility for a few particles. This finding agrees with that cor-
responding to point A in Fig. 2. Figure 3(b) shows that two par-
ticles move together for a long period of time, suggesting that
collective motion occurs, labelled by “Collective motion”. Al-
though these behaviors corresponding to 7 = 0.01 in Fig. 3(b)
are similar to those corresponding to 7 = 0.001 in Fig. 3(a),
the mobility of 7 = 0.01 is smaller than that of 7 = 0.001, as
shown in Fig. 3(b), 3(f), and 3(j). The reason is twofold. One
is collective motion; the other is presented in Fig. 3(j), show-
ing that as the temperature increases, the motions of particles
in the y direction are larger than those in Fig. 3(i). This weak-
ens their motions in the x direction. Namely, the distances for
motions of the x direction in Fig. 3(j) are smaller than those in
Fig. 3(i). Therefore, this is the reason why (v) corresponding
to T = 0.001 is larger than that corresponding to 7 = 0.01.
Figures 3(b) and 3(f) also show that there exists the clogging.
It should be noted that the clogging was investigated in sev-

[52]

eral systems, such as deep neural networks, !>~ vertebrate body

axis elongation, 3! agitated frictional granular matter.>*

0.24
0.20
0.16
0.12
0.08

0.04

0.017p.001

Fig. 2. The average velocity (v) as a function of temperature 7 and driv-
ing force F. The other parameters are € = 0.5, 6 =0.1, g, = 0.1, N = 20,
and L = 2.0. The transports of points A—E are analysed through the time
series in Fig. 3 and the probability distribution functions in Fig. 4.

For T = 0.05, figure 3(c) shows that most of the curves
overlap at beginning and they separate each other with time
evolution. This suggests that the clogging arises initially and
then disappears. We present the corresponding phase space in
Fig. 3(k), showing that there exist four particles moving while
other 16 particles basically remain in initial positions because

of the appearance of the clogging. We find that for steady state,
all curves range from x = 50 to 250 in Fig. 3(g), suggesting
that there exist two cases: one is that curves are independent,
indicating the interaction between particles disappears for the
steady state; the other is that the curves overlap, indicating that
the interaction between particles remains, suggesting that col-
lective motion arises. The motion in y direction corresponding
to T = 0.01 is smaller than that corresponding to 7 = 0.05
and the distance in x direction of the former is larger than that
of the latter. The corresponding interaction between particles
sustains a short time, then the interaction disappears, which
leads to that all particles move in the system. This means that
the transport is enhanced. The rationale for this observation
is that as the temperature increases, the motion of particles
becomes dominated by the random force due to the competi-
tion between this random force and the interacting force. Con-
versely, at low temperatures, the motion is primarily governed
by the interactions between particles.

At T = 0.1, figure 3(d) shows that the number of curves
increases with time, revealing that for most particles, the in-
teraction between particles vanishes with time evolution. We
present the phase space in Fig. 3(1), showing that as the tem-
perature continues to increase, the motion of particles is dom-
inated by both random force and the driving force, and its mo-
bility in the y direction becomes nontrivial. Notice that the par-
ticles corresponding to 7 = 0.01 and 0.05 trivially move in the
y direction. This finding suggests that this behavior weakens
the transport in the x direction due to the confinement imposed
by the geometric structure. The behavior is shown in Fig. 3(h)
for the steady state, displaying that the distances in the x di-
rection are smaller than those corresponding to 7 = 0.05 in
Fig. 3(g). Moreover, several curves overlap in Fig. 3(h), im-
plying that the interaction between particles still remains in
the steady state for certain particles and there exists collective
motion too. Therefore, the transport occurs at 7 = 0.1 and be-
comes small. Moreover, figure 3(h) shows that the magnitudes
of x(¢) for the part of particles basically remain constant with
time evolution, implying that these particles basically remain
in a place for a long time. Thus, the average velocity of the x
direction becomes trivial or zero for most of the particles.

Based on these results, we find that at low temperature,
the clogging appears due to the presence of the interaction for
most particles, and the rest of the particles move independently
in the system. Thus the corresponding transport of particles is
trivial. The transport for most interacting particles does not
occur because this clogging is similar to a solid-like state, as
shown in Figs. A2(c) and A2(i). With the increase in temper-
ature, the motion of the particles is dominated by the combi-
nation of random force and driving force. This leads to that
the interaction for part of particles gradually disappears with
time evolution, and the interaction for the other part of par-
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ticles remains, leading to collective motion. Moreover, the
motion in the y direction is trivial. These two behaviors en-
hance the transport of interacting particles in the x direction.
Thus the directional transport arises at a suitable temperature
because this behavior is similar to a liquid-like state, as shown
in Figs. A2(f) and A2(1). At a high temperature, particles non-
trivially move in the y direction resulting from a large random

150 ]
(a) T=0.001

100 i\

50 Collective motion l

Clogging

0

60! (b) T=0.01

Collective motion ——p» Clogging
30 = l

-
0

20

Position z(t)

)=

Clogging
—20

20
0k

Position y(t)

80 100 120 140 160

(k) T=0.05
VAR

Cloggir ||
-8 —4 0 4 8
Position z(t)

e e
o W

Position y(t)
=

—12 12

force, this weakens the transport in the x direction. Namely,
the motion of particles is dominated by random force, thus
the interacting and the driving forces become negligible. This
phenomenon is similar to a gas-like state, which does not lead
to directional transport. Therefore, the transport almost disap-

pears at high temperatures.

2200
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0
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Clogging
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% —0.3
[

—0.6

-8 0 8 24

Position z(t)

Fig. 3. The time series of x(¢) for interacting particles with different temperatures for the time ranging (a)-(d) from ¢ = 0 to 100 and (e)—(h)
from # = 1000 to 1100. The order number of particles is indicated by the color code. The phase spaces (i)—(1) correspond to time series (a)—(d),
respectively. The other parameters are identical with those in Fig. 2. Panels (a), (e), and (i) correspond to point A; panels (b), (f), and (j)
correspond to point B; panels (¢), (g), and (k) correspond to point C; panels (d), (h), and (1) correspond to point D in Fig. 2.

To gain more insight into the dynamics of the system, we
present the normalized probability distribution function corre-
sponding to points A—F in Fig. 2 for a time ranging from ¢t =0
to 100 (P,(x)) in Fig. 4(a) and time ranging from ¢ = 1000
to 1100 (Ps(x)) in Fig. 4(c). For T = 0.001 and 0.01, fig-
ure 4(a) displays that the maximum of the normalized prob-
ability distribution locates in the initial position (the black and
red curves), suggesting that the clogging appears. We also find
that there exist numerous peaks in the normalized probability
distribution, which correspond to the bottleneck of the corru-
gated channel in Fig. 4(b). The reason is that there exists the
clogging in the bottleneck. The higher these peaks are, the
more serious the clogging is. With the increase of the temper-
ature (i.e., T = 0.05 and 0.1), the maximum of the normalized

probability distribution decreases at the initial position, and
the magnitudes of probability distributions increase close to
the initial positions. For example, the distribution correspond-
ing to 7 = 0.1 is larger than that corresponding to 7' = 0.01
at the place ranging from x = 4 to 44. Figure 4(c) shows the
normalized probability distribution function of the steady state
for different temperatures. At 7 = 0.001 or 0.01, most of par-
ticles are at the initial positions, indicating the appearance of
the clogging, and a few particles move to far positions, e.g.,
x =300, 700, etc. With the increase of the temperature (i.e.,
T = 0.05 and 0.1), the magnitude of probability distribution
becomes small at initial positions, and the particles move a
small distance in the x direction. For a high temperature (i.e.,
T = 1.0), the motion of the particles is almost dominated by
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random force, and the effects of interaction and driving force
are negligible. Thus the distribution is basically symmetric
in the positive and negative directions of x, revealing that the
transport of interacting particles disappears. This is a gas-
like state. In a word, this is a consequence of the competition
among interaction, driving force, temperature, and geometric
structure of the system.

<—— Clogging
AN

W

B(z)
=
9

P(z)
=
o
&
oy

105 P
—200

Fig. 4. The probability distribution functions of different temperatures for
(a) initial transient state (time ranging from ¢ = 0 to 100) and (c) steady
state (time ranging from ¢ = 1000 to 1100). They are obtained via 200
ensembles, each of which includes 20 interacting particles. To interpret
the clogging transition, we also present the corrugated channel (b). The
other parameters are identical to those of Fig. 3.

To gain a deeper understanding of the impact of the num-
ber of interacting particles on clogging, figure 5 presents the
average velocity (v) as a function of the number of interact-
ing particles N for different temperatures. It shows that for a
low temperature (e.g., T = 0.01), the velocity dramatically de-
creases with the increase of N. As the temperature increases,
the decrease obviously becomes trivial with the increase of N,
such as 7' = 0.02. For a high temperature, the average velocity
is almost constant with the increase of N, such as 7 = 0.05. In
a word, the finding suggests that the clogging occurs with the
increase of N.

To understand the interaction in the system, we present
the average velocity (v) as a function of temperature T with-
out and with interaction in Fig. 6. It shows that (v) decreases
with the increase of 7' without interaction, whereas with inter-
action, (v) increases first and then decreases with the increase
of temperature 7. Namely, this outcome results from the com-
petition between the interaction force and the random force.
The random force is small at low temperatures, the interaction
force governs particle motion in the competition. Conversely,
the random force is large at high temperatures and dominates
particle motion in this competition.

To control the occurrence of clogging, we also change the
period and bottleneck of the corrugated channel. We present
(v) as a function of the bottleneck g, and the period of the

system L in Fig. 7. It shows that for the bottleneck g, < 0.1,
(v) is trivial (.e., (v) < 1072). For g, > 0.1, the transport
sharply increases with g,. Namely, the increase of the bot-
tleneck induces the transition from no transport to a finite net
transport. Why does the transport disappear for g, < 0.1? The
reason is that the bottleneck g, is smaller than the characteris-
tic length o of the Lennard—Jones potential. This results in the
appearance of the clogging, which leads to the disappearance
of the transport. Moreover, with the presence of transport, (v)
trivially increases with L for a fixed g,. This suggests that a
finite net transport may vanish for a trivial period. Therefore,
the bottleneck and the period nontrivially affect the transport
of interacting particles. This observation indicates that the
clogging serves as a sensor, with its function being explored
through the bottleneck and period.
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Fig. 5. The average velocity (v) as a function of the number of interact-
ing particles. The other parameters are F = 0.5, € = 0.5, g, = 0.3, and
c=0.1.
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Fig. 6. The average velocity (v) as a function of temperature T without
and with the interaction. The other parameters are F = 0.5, N = 20, and
c=0.1.

Besides the change through the variation of the bottle-
neck and the period, we also change the characteristic length
o of the Lennard—Jones potential. Figure 8 shows the average
velocity as a function of the coupling strength € and charac-
teristic length o of the Lennard—Jones potential. It is shown
that for a small o, the average velocity remains unchanged
with the increase in €, e.g., 6 = 0.02. This implies that for a
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small o, the coupling between interacting particles can be ne-
glected, and the corresponding transports are similar to those
of noninteracting particles. However, for a large o, the trans-
port basically remains unchanged first, then sharply decreases
with the increase of € (e.g., 6 = 0.2). The findings suggest
that the increase of ¢ results in the appearance of clogging
and the transport disappears. Next we discuss how € affects
the transport. For a small € (i.e., € = 0.2), (v) trivially de-
creases with increase of o. For a large € (i.e., € = 0.5), (v)
remains unchanged first, then sharply decreases with increase
of o. This means that a large ¢ and a large € give rise to the
disappearance of the transport stemming from the clogging. In
a word, the combination of € and ¢ leads to transition between
no transport and a finite net transport.

2.0 0.01

Fig. 7. The average velocity as a function of the bottleneck g, and the
periods L . The other parameters are F' = 0.5, N =20, 7 =0.01, € =0.5,
and 6 =0.1.

Fig. 8. The average velocity as a function of the coupling strength € and
characteristic length ¢ of the Lennard—Jones potential. The other param-
eters are F = 0.5, 7 =0.01, N =20, g, = 0.3, and L =2.0.

4. Discussion and conclusion

In order to address the questions posed in the introduc-
tion, we explore the hydrodynamic transport of interacting par-

ticles with non-Brownian diffusion in a corrugated channel.
By numerical simulation of a fractional stochastic differential
equation, we present how the geometric structure of the chan-
nel, interaction, temperature and driving force switch between
no transport and a finite net transport in the system. These
findings can be summarized as follows: An increase in driv-
ing force promotes a transition from no transport to a finite net
transport within the system, whereas a rise in temperature trig-
gers a transition from a finite net transport back to no transport.
Additionally, increasing the number of interacting particles
results in the occurrence of clogging. Without interactions,
transport decreases monotonically with temperature. With in-
teractions, competition between interaction and random forces
causes transport to first increase then decrease with tempera-
ture. Alterations in the bottleneck and periodicity of the cor-
rugated channel also contribute to the transition between the
absence of transport and a finite net transport. Ultimately, the
average velocity diminishes as the coupling strength and char-
acteristic length increase. Our findings show that there exist
competitions among the bottleneck and the periodicity, the in-
teraction (i.e., the coupling strength and characteristic length),
temperature, and driving force. In particular, the ranges of pa-
rameters determine the state of transports (e.g., no transport or
a finite net transport). For example, the transport disappears
when the characteristic length is larger than the bottleneck and
arises when the characteristic length is smaller than the bottle-
neck. Our results may narrow the gap between the transport
with the hydrodynamic memory in theory and that in experi-
ment.

In this study, our selection of the Lennard—Jones poten-
tial was motivated by its basis in established experimental
work.[12°5] Therefore, our discussion has been restricted to
particles interacting via the Lennard—Jones potential; it did not
encompass other interaction types mentioned in the introduc-
tion.

The findings are obtained through the analysis of time se-
ries, the probability distribution of positions over various inter-
vals, and phase space examination. These analyses reveal un-
derlying physical mechanisms (e.g., the clogging, collective
motion, and independent directional motion) responsible for
the observed transport phenomena. Our study offers a compre-
hensive investigation into the influence of system parameters
on this transition. The exploration of such a transition is char-
acteristic of an ideal sensor. Based on experiments mentioned
above, the functionality of our proposed sensor may be exper-
imentally achievable through microfluidic assays. Our results
have potential applications for research on managing transport
with hydrodynamic memory in biology, physics, chemistry,
and beyond.
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Appendix A

To understand the dynamical relaxation of the interacting
particles, we show the mean square displacement with differ-
ent auxiliary particles, the mobility depending on the initial
condition, the average velocity for different g, in Figs. Al-
A3.

Without the corrugated channel, the interaction and driv-
ing force, figure A1 shows the mean square displacement with
different auxiliary particles. For T = 0.001, figure Al(a) dis-
plays that the diffusion without auxiliary particle or a few aux-
iliary particle (e.g., M = 3) is ballistic. For M = 8§, the power-
law exponent ¢ of the mean square displacement is 1.765. No-
tice that the power-law exponent ¢ corresponding to M = 13
is 1.5, which is equal to that presented in the equation. More-
over, it is shown that the power-law exponent ¢ of the mean
square displacement corresponding to M = 15 is identical to
that corresponding to M = 13. For T = 0.1, the power-law
exponents o corresponding to M = 0, 3, and 8 do not match

o = 3/2 in equation. While the power-law exponents o corre-
sponding to M = 13 and 15 are identical to @ = 3/2 in equa-
tion. Therefore, the number of auxiliary particles ensure that
the diffusion of the particles match the power-law exponent o
in the equation of numerical simulation.

(a) T=0.001 £2:00 (b) T=0.100
103 L 104 L
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t t

Fig. A1. Without the corrugated channel, the interaction, and driving
force, the mean square displacement with different auxiliary particles M
for T =0.001 (a) and 7 = 0.1 (b) . The other parameters are & = 3/2,
m=1.0, up = 1000, b = 5.
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Fig. A2. The time series x(¢) of interacting particles (the second column) and phase space maps (the third column) for different initial positions
(the first column). The other parameters are @ = 3/2, m = 1.0, o = 1000, 5 =5, F =0.5,T =0.01, e = 0.5, 0 = 0.1, and L = 2.0.

To interpret the transport depending on the initial condi-
tions, we plot the the time series x(¢) of interacting particles
and phase space maps in Fig. A2(a) for different initial condi-
tions. Figure A2(a) shows the initial positions of 20 interacting
particles. The distances of x and y directions are ¢ and 0.80,

respectively. Figure A2(b) shows the time series x of 20 inter-

acting particles, which displays that all particles trivially move
in the x direction first, and then trivially oscillate at equilibrium
positions in the first bottleneck. To obtain more insight in this
behavior, we plot its phase space map in Fig. A2(c), showing
that after short relaxation, all particles oscillate at their equi-

librium positions. This is a solid-like state.
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Figure A2(d) shows the initial positions of 20 interacting
particles which the distances of x and y directions are both
o. The time series x of interacting particles are plotted in
Fig. A2(e), showing that there is a curve before t = 60. This
suggests the appearance of collective motion. Then as time
evolution, the curves become more and more, implying that
the collective motion disappears. This state is the liquid-like
state. The more details are shown in Fig. A2(f).

Figure A2(g) shows the initial positions of 20 interacting
particles which the distances of x and y directions are ¢ and
1.20, respectively. We find from Fig. A2(h) that all particles
move through the first period and oscillate at equilibrium po-
sitions in second bottleneck. The more details are shown in
Fig. A2(i). Figure A2(j) shows the initial positions of 20 inter-
acting particles which the distances of x and y directions are &
and 1.50, respectively. The behaviors of Figs. A2(k) and A2(1)
are similar to those of Figs. A2(h) and A2(i), respectively. In
summary, the motions of interacting particles sensitivity de-
pend on the initial conditions.

Figure A3 shows the average velocities (v) as a function
of temperature 7. For a large bottleneck (e.g., gn = 0.3 and
0.5), (v) decreases with the increase of T. However, for a
small bottleneck (i.e., g, = 0.1), there coexist a maximum and
a minimum of (v) with the increase of T in the insets. It is
clear that as temperature increases, the average velocity de-
creases first, then increases and decreases finally. Compared
to the average velocity for different gy, it is clear that the av-
erage velocity corresponding to g, = 0.5 is larger than that
corresponding to g, = 0.3. Namely, the large the bottleneck
is, the large (v) is.
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Fig. A3. The average velocity as a function of the temperature. The insets
show the dependence of the average velocity on temperature for g, =0.1.
The other parameters are € =0.5,6 =0.1, F =0.5, N =20, and L = 2.0.
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