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Mechanism of the nonequilibrium phase transition in self-propelled particles with alignment
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Self-propelled particles with alignment, displaying ordered collective motions such as swarming, can be inves-
tigated by the well-known Vicsek model. However, challenges still remain regarding the nature of the associated
phase transition. Here, we use the landscape-flux approach combined with the coarse-grained mapping method
to reveal the underlying mechanism of the order-disorder nonequilibrium phase transition in Vicsek model

systems featuring diverse noise characteristics. It is found that the nonequilibrium flux inside the landscape in
the density-alignment degree phase space always rotates counterclockwise, and tends to delocalize or destabilize
the point attractor states, providing the dynamical driving force for altering the landscape shape and the system
state. Furthermore, the variations in the averaged flux and entropy production rate exhibit pronounced differences

across various noise types. This not only helps to reveal the dynamical and thermodynamical mechanisms of the
order-disorder transition but also offers a useful tool to recognize the continuity of the transition. Our findings
present a perspective for exploring nonequilibrium phase transition behaviors and other collective motions in

various complex systems.

DOLI: 10.1103/fqn3-4qkv

I. INTRODUCTION

Self-propelled particles, widely existing as both natural
objects and artificial swimmers [1-11], have the ability to
execute purposeful systematic movement by taking in and
dissipating energy, which causes the system to be far from
the equilibrium and to exhibit many novel dynamical be-
haviors different from those in the equilibrium system. For
instance, self-propelled particles can spontaneously organize
into chains [1,5], vortices [2,3,12], clusters [4,5,11,13], and
notably, exhibit ordered collective motion and swarming be-
haviors [4,5,14,15]. Among diverse theoretical models of
self-propelled particles, the Vicsek model with an alignment
term [15] can successfully reproduce the ordered collec-
tive motion observed in nature like bird flocks and bacterial
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colonies. Notably, the Vicsek model system undergoes a
phase transition from an ordered to a disordered state de-
pendent on the decreasing particle density or the increasing
noise intensity. Inspired by this, a series of studies [16-27]
have delved into the Vicsek model and its various forms,
such as introducing density-dependent particle velocity [16],
obstacles [17], chirality [18], memory effect [19], delayed
effect [20], etc. [21-27], so that many novel collective motions
emerge spontaneously. For example, when the Vicsek particle
(VP) velocity is correlated with its local density [16], abun-
dant dynamical patterns can be observed, including moving
clumps, active lanes, and asters. These findings underscore
the practical potential of VP systems across various fields,
including robotics [28], drone technology [29], and so on.
For the original Vicsek model [15], the phase transition
from the ordered collective motion to the disordered one
was considered continuous (second order transition), which
is proved by the smooth transition of the average normal-
ized velocity dependence on the noise intensity and their
scaling behavior [15]. However, it was found that there ex-
ists a coexisting phase consisting of traveling bands and
dilute disordered phase, which emerges between the or-
dered phase and disordered phase, implying the transition
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is a discontinuous or weakly first order transition rather
than a second order one [30,31]. More interestingly, when
the intrinsic noise (also called the scalar or angular noise)
in the original model is replaced by the extrinsic noise
(the vectorial noise), not only do the traveling bands in
the coexisting phase emerge more easily, but also the vari-
ation in the noise-dependent average normalized velocity
becomes more violent, both indicating that the order-disorder
phase transition changes to a sharper one (first order tran-
sition) [30-33]. There exist many theoretical approaches to
study the phase transitions (including the order-disorder tran-
sition in VP systems and the well-known motility-induced
phase separation) in nonequilibrium systems, such as the
scaling behavior [15], Binder cumulant behavior [32], the
scalar ¢* field theory [34,35], the kinetic model [36-38], and
the compression-based entropy (the computable information
density) method [31]. For example, the compression-based
entropy method gives a good approximation to the thermody-
namic entropy during the ordered-disordered phase transition
in the VP system under intrinsic or extrinsic noise [31]. How-
ever, only position (density) information was used to analyze
the phase transition [31], while the velocity information was
ignored. Motivated by this, it is very necessary to establish
a framework based on both position (density) and velocity
information of VPs, which not only can present clearly and
visually the order-disorder phase transition behaviors for dif-
ferent noise types, but also allow us to reveal the underlying
dynamical and thermodynamical origins of the associated
nonequilibrium phase transition.

To address this, we introduce the nonequilibrium land-
scape and flux approach [39], which is widely used in
various fields, including cell fate decision making [40], cancer
research [41], neural networks [42], and ecological sys-
tems [43], among others [44—47]. In this approach, the driving
forces for the nonequilibrium dynamics of the system are
determined by both the landscape and rotational flux, anal-
ogous to the driving force of charged particle in electric
field (potential gradient force) and magnetic field (Lorentz
force). Compared to the existing theoretical methods for
studying the nonequilibrium phase transitions, this landscape-
flux approach combined with the coarse-grained mapping
method [48] offers interesting physics and insights. We can
establish and visualize the nonequilibrium potential and flux
landscape of VP systems in the phase space of the local
density and the local alignment degree, which reflects global
states of the system as well as changes in dynamical and ther-
modynamical characteristics. As the noise intensity increases,
the landscape changes continuously/discontinuously from one
potential basin located at a large local alignment degree (the
ordered flocking phase) to two basins (the coexisting phase
consisting of traveling bands), and finally to one basin lo-
cated at a small local alignment degree (the disordered phase)
under intrinsic/extrinsic noise, respectively. Furthermore, the
nonequilibrium flux inside the potential here always rotates
counterclockwise in the p — g phase space (increasing p as
the x axis and increasing g as the y axis), providing the dy-
namical driving force for the shape changes of the landscape.
Moreover, the obtained averaged flux and entropy production
rate (EPR) exhibit distinct variation behaviors near the tran-
sition threshold, which not only can be utilized to reveal the

dynamical and thermodynamical origins of the phase transi-
tion, but also serve as early warning signals of the transition.
Notably, the variation behavior near the transition threshold
differs in intensity for different noise types, offering an ef-
fective tool to recognize the continuity of the order-disorder
transition. Additionally, forward and backward optimal tran-
sition paths between the two phases in the coexisting phase do
not overlap with each other, indicating that the time-reversal
symmetry of the VP system is broken.

II. VICSEK MODEL UNDER INTRINSIC
AND EXTRINSIC NOISE

We consider a quasi two-dimensional system with size W
under periodic boundary conditions, including N VPs. The
motion of the ith particle located at x; obeys the following
equation:

X;(t + At) = x;(t) + vi(¢)At. (1)

Herein, At denotes the simulation time step, and v;(t) =
vo(cos 6;(t), sin 6;(¢)), where vy and 6; denote, respectively,
the amplitude and direction of v;. The evolution rule of 6; for
the VP under intrinsic noise [15] is given as

6t + Ay =arg | Y v;(0) | + &), @)

rij<R

Here, the first term represents the alignment effect of the
VP, i.e., 6; always tends to orient toward the average direction
of its neighbors, whose distance (r;;) from the given particle
is smaller than the interaction radius R. Here, arg(v) denotes
the average of the orientation of v. The second term denotes
the intrinsic noise, with 7 the noise intensity and &; the white
noise distributed uniformly ranging from —m to 7. For the
situation of extrinsic noise, the evolution of 6; should be
replaced by [31]

0it + Ay =arg | Y v;() + g (0) |, 3)

rij<R

where &; is a unit vector with a random direction, i.e., § =
(cos(¢;), sin(¢;)) with ¢ a random number selected from
[0, 27r]. In the rest of this paper, we fix R =1, vy = 0.5,
W =100, N =20000, At =1, and average density py =
N/W? =2. We first run each simulation for 100 000 time
steps to ensure the system reaches the steady state. Then, we
perform the simulation for another 200 000 time steps in the
steady state for sampling and analysis.

III. ORDER-DISORDER PHASE TRANSITION
FOR DIFFERENT NOISE

By gradually increasing the noise strength 1 from 0.05 to
1, we observe transitions of the VP system from an ordered
phase to a disordered one. To measure the order degree of the
VP system, we first introduce the average normalized velocity
¢ =| va:l vi|/(Nvo), Fig. 1(a), where ¢ = 1 represents VPs
moving in the same orientation so that the system is in the
ordered phase, while ¢ being close to 0 implies VPs moving
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FIG. 1. (a) ¢ vs n for the VP system under intrinsic noise (black symbols and line) and extrinsic noise (red symbols and line), with dashed
lines the critical transition points 7.. (b)—(g) Typical snapshots in the steady states for different phases with n = 0.1 (b), 0.4 (c¢), and 0.9 (d),
respectively, under intrinsic noise as well as with n = 0.1 (e), 0.6 (f), and 0.8 (g), respectively, under extrinsic noise. (b) and (e) represent the
ordered flocking phases. (c) and (f) denote the coexisting phases with traveling bands. (d) and (g) show the disordered phases.

in random directions such that the system is disordered. For
intrinsic noise [the black symbols and line in Fig. 1(a)], it is
observed that as the noise intensity 7 increases, ¢ decreases
smoothly from almost 1 to O, indicating that the VP system
changes smoothly from the ordered phase to the disordered
one. For small noise such as n = 0.1 as shown in Fig. 1(b),
it is found that VPs gather into clusters and move in similar
directions, so that the VP system forms the flocking phase
with ¢ close to 1. For larger noise such as n = 0.4, Fig. 1(c),
many VPs gather and move collectively in one direction, fur-
ther forming a traveling band of the dense phase, while the
other particles move randomly in the dilute phase. For noise
large enough such as n = 0.9, Fig. 1(d), the motion of VPs
becomes almost random, and the system becomes disordered.
When the intrinsic noise is replaced by extrinsic noise [red
symbols and line in Fig. 1(a)], ¢ still decreases from almost 1
to 0. However, the transition is much sharper than that under

intrinsic noise. For small and large enough noise, the VP
system also forms the ordered flocking phase, Fig. 1(e), and
disordered phase, Fig. 1(g), respectively. Interestingly, when
noise changes from intrinsic to extrinsic, the coexisting phase
that appears at moderate noise levels shows a clearer traveling
band. This represents that the order-disorder phase transition
in the VP system becomes sharper or more violent when the
intrinsic noise is replaced by the extrinsic one, consistent with
observations in Refs. [30,31].

IV. COARSE-GRAINED MAPPING METHOD
AND LANDSCAPE-FLUX THEORY

In order to reveal the origin of the order-disorder phase
transition in the VP system under intrinsic or extrinsic noise,
we use the coarse-grained mapping method [48] and the
landscape-flux approach [39,45].
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FIG. 2. Schematic of the coarse-grained mapping from the evolution of cells in real space to that in the p — ¢ phase space.

For the coarse-grained mapping method to transform
the VP system from the real space into the phase space,
we first divide the real space into square cells with number
M for both the x and y dimensions (the left picture in
Fig. 2). Next, we calculate the time evolution of the two
order parameters (the local density p,, and local alignment
degree ¢,,, where m indicates the cell index) for each cell in
the real space by collecting simulation data obtained from
Egs. (1)-(3) (more details and definitions can be found in
the Supplemental Material [49]). Subsequently, we map them
into the p — g phase space, which is also divided into cells
with §p along the p dimension and g along the ¢ dimension
(the right picture in Fig. 2). As an example shown in Fig. 2,
at time 7, there are only two cells in the real space (labeled
2M — 1 and M?) satisfying with p(t) € [k8p, (k + 1)8p] and
q(t) € [16q, (I + 1)éq] (k and [ are non-negative integers).
These two cells can be mapped into the same cell (k, /) in the
p — g phase space (blue cells). In this case, the probability
P(p, q,1) of the cell (k, 1) in the p — ¢ phase space is 2/M?,
while the evolution of the cell (k, ) is obtained as follows:
P(orts quas t) = {[pam—1(t + At)—pay—1 ()] +[oare (t+AL) —
pu2(O1}/2At)  and  G(p, qu, 1) = {[gam—1(t + A1) —
Dovi—1 O] + [t + A1) = gy (D1 /2AD).

On this basis, we can get the evolution of all the system
cells in the p — g phase space, which is well defined on the
coarse-grained level (see details in the SM [49]). The stochas-
tic dynamical equation can be written as

X(t)=F(p,q) +&p, q. 1), 4

where X = (p, q)T. F is the determi.nistic driving force, which
can be described as F(p, q) = (X(p, q,1)), where (-) de-
notes time averaging. & is the stochastic force, which can be
calculated according to the following formula: &(p, ¢, 1) =

X(p, q,t)— (X(p, q,t)). Also, the time correlations of &
should satisfy with (§(p, ¢, 1)&(p, ¢, ")) = 2D(p, ¢)s(t —1'),
where D is the diffusion coefficient tensor represented by a
2 x 2 matrix, which can be obtained from the Fourier trans-
form of the time correlation functions (the power spectrum
functions) of & We plot an example of the power spectrum
functions in Fig. S3 of the SM [49] and find that & in the p — ¢
phase space is white noise, demonstrating that the dynamics
of the VP system in such phase space is indeed Markovian.
In addition, by calculating the time averaging of P(¢) in the
steady state for each cell in the p — g phase space, the steady-
state probability distribution P(p, ¢) in the p — g phase space
can be obtained.

The probabilistic evolution for the order parameter under
the stochastic Langevin dynamics specified above follows a
Fokker-Planck diffusion equation as % = —V .J where J =
FP — D - VP. According to the landscape-flux approach, the
nonequilibrium potential U and the nonequilibrium flux J of
the VP system in the p — g phase space under the steady state
can be quantified as (details can be found in the SM [49])

U(p,q) =—InP(p, q), Q)

J(o. 9) =F(p, 9)P(p,q) =V - [D(p, 9)P(p, g)]. (6)

Unlike the equilibrium system, where J must vanish, a
nonequilibrium system exhibits different behavior. When such
a system reaches the steady state (with dP/dt = 0), the condi-
tion V - J = 0 merely indicates local conservation rather than
requiring J itself to be zero. In general, the flux can exist in
the form of a rotational curl or more precisely recurrent field.
Therefore, the driving force for the nonequilibrium dynamics
is determined by both the gradient of the potential and the curl
flux (see more details in the SM [49]).
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FIG. 3. The nonequilibrium potential and flux landscape in the p — ¢ phase space of the VP system under intrinsic (a), (c), (¢) and extrinsic
(b), (d), (f) noise. The noise intensity is n = 0.3 (a); 0.4 (c); 0.5 (b); 0.6 (d), (e); and 0.62 (f), respectively. The flux is represented by the black
arrows, and the nonequilibrium potential is presented by the colored background.

V. LANDSCAPE AND FLUX IN THE PHASE SPACE

First, we quantify the potential landscape in the p — g
phase space (see Fig. S4 [49] for typical potential) and observe
that the number of potential basins changes from 1 to 2 and
finally back to 1 for both intrinsic and extrinsic noise, in
agreement with the phase transition behavior exhibited in the
VP system (Fig. 1). More interestingly, the landscape changes
continuously when the system undergoes intrinsic noise, but
it changes discontinuously for extrinsic noise, demonstrating
that the order-disorder phase transition is sharper for extrinsic
noise.

We then focus on the dynamical nature of the VP system by
presenting the nonequilibrium flux inside the landscape in the
p — g phase space Fig. 3. The nonzero nonequilibrium flux
demonstrates that the detailed balance of the VP system is
broken. For the ordered flocking phase in the VP system, both

under intrinsic and extrinsic noise, Figs. 3(a) and 3(b), there
is a counterclockwise rotating flow around the potential well.
Different from the gradient force resulting from the nonequi-
librium potential, which always attracts the system down into
the potential basin, the curl flux favors global movements so
that the system can not be localized in the basin any more,
providing the dynamical driving force to create the coexisting
phase with the ordered dense phase and the disordered dilute
phase. For the coexisting phase Figs. 3(c) and 3(d), it is
observed that the flux continues to rotate counterclockwise
between the ordered dense phase and the disordered dilute
phase, demonstrating that the nonequilibrium flux serves as
the dynamical driving force for the order-disorder phase sep-
aration. When noise becomes sufficiently large, Figs. 3(e)
and 3(f), the rotation of the nonequilibrium flux inside the
single potential basin becomes weak and indistinct due to the
large noise.
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FIG. 4. Dynamical and thermodynamical mechanisms of the phase transition in the VP system. Plots of J (a), (b); e, (¢), (d); and ACC (e),
(f) versus the noise strength 1 under intrinsic (a), (c), (e) and extrinsic (b), (d), (f) noise. The blue/red dashed lines (1, /1.) represent the phase
boundaries between the coexisting phase and the ordered phase/the disordered phase.

VI. DYNAMICAL AND THERMODYNAMICAL ORIGINS
OF NONEQUILIBRIUM PHASE TRANSITION

We now explore the dynamical and thermodynamical ori-
gins of the phase transition. To reveal the dynamical origin,
we introduce the averaged flux J = (|J(p, q)|) because the
nonequilibrium flux decomposed from the driving force can
determine the nonequilibrium aspect of the dynamics for the
system. We quantitatively calculate the averaged flux J and
plot the dependence of J on 1 as shown in Figs. 4(a) and 4(b).
For the VP system under intrinsic noise [Fig. 4(a)], as n

increases, J first decreases in the region of the ordered flock-
ing phase, remains relatively unchanged with fluctuations in
the coexisting phase, and finally increases in the disordered
phase. This means that the slope of J changes from 0 to a
positive value when 7 crosses the order-disorder phase tran-
sition threshold 7.. In contrast to the case of intrinsic noise,
it is observed that J initially increases but later decreases
in the coexisting phase when noise is extrinsic [Fig. 4(b)],
resulting in a peak appearing just before the phase transition
threshold. In other words, the slope of J changes from a
negative value to a positive one as 1 exceeds 7.. The variations
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in the slopes of J near the phase transition threshold imply
that the nonequilibrium flux is the dynamical origin of the
order-disorder phase transition. Due to the rotational nature
of the flux as a driving force for nonequilibrium dynamics,
the flux tends to be delocalized rather than being localized
in the state space (it likes to rotate around spanning the state
space). This is in clear contrast to another driving force, the
landscape gradient where it always tends to converge to the
point attractor in state space. As flux becomes larger, states
tend to become more delocalized and the initial point attrac-
tor can become less stable. Eventually, further increase of
flux relative to landscape gradient can lead to instability and
possible bifurcation or dynamical transition from monostable
to bistable phase. Thus, the flux serves as the dynamical
origin of the bifurcation or nonequilibrium transition. More
interestingly, we notice that compared to the situation under
intrinsic noise, the variation of J is more sudden and sharper
under extrinsic noise, suggesting that the order-disorder phase
transition is sharper under extrinsic noise.

Now we focus on the thermodynamics of the VP system
under different noise types. To quantify the detailed balance
breaking and time-reversal symmetry violation in the p — g
phase space of the VP system, we introduce the entropy pro-
duction rate e, of the system [48]:

I, D (o, )0, q)
=[] dpd . 7
“ // ped P(p., q) @

As shown in Figs. 4(c) and 4(d), for both intrinsic and
extrinsic noise, e, decreases in the ordered flocking phase, but
increases in the coexisting phase and the disordered phase,
further exhibiting a peak at the boundary between these two
phases. Since entropy production rate measures the thermo-
dynamic cost of the action of the flux destabilizing the current
state and generating a new state, the emergence of this peak
near the boundary between the ordered and disordered phases
provides an indicator for the thermodynamical origin of the
nonequilibrium phase transition in the VP system. Further-
more, it is observed that the peak of e, in extrinsic noise
is sharper than that in intrinsic noise, demonstrating again
that the phase transition is sharper or more violent under
extrinsic noise compared to that under intrinsic noise. This
finding corresponds to that the compression-based entropy
(the computable information density) exhibits a higher peak
in extrinsic noise than the intrinsic noise [31].

Finally, we introduce the average difference ACC between
the two-point cross correlations forward and backward in time
(more details and definitions can be found in the SM [49]),
as plotted in Figs. 4(e) and 4(f). It is observed that ACC
shows a peak in the phase separation region for both intrinsic
and extrinsic noise, illustrating that the time irreversibility
of the VP system reaches its maximum during the phase
transition process. The sharper peak of ACC under extrinsic
noise indicates again the sharper nature of the phase transi-
tion with a clearer traveling band emergence under extrinsic
noise conditions. More interestingly, J, ep, and ACC all show
significant variations prior to reaching the critical transition
point n.. Along with the peak appearance, this provides early
warning signals for the order-disorder phase transition in the
VP system with both intrinsic and extrinsic noise.

VII. OPTIMAL TRANSITION PATHS
IN THE COEXISTING PHASE

Furthermore, to unravel the fundamental mechanisms of
the dynamical process between the dense and dilute phases
in the coexisting phase, we employ the landscape and flux
approach to analyze the optimal transition paths [50]. The
optimal transition path represents the highest probability path
for the system switching from one phase to another, which
can be obtained by minimizing path integrals of the effective
Hamiltonian-Jacobian action weights in length space. As de-
picted in Figs. 5(a) and 5(b), it is evident that for both intrinsic
and extrinsic noise, the backward optimal transition paths
(black lines) originating from the dense phase initially exhibit
a slow decrease in ¢ but a rapid decrease in p, followed by a
sharp decline in ¢ until reaching the dilute phase. Conversely,
the forward optimal transition paths (red lines) switching from
the dilute phase to the dense phase involve simultaneous
increases in both p and g. Notably, the forward and back-
ward optimal transition paths do not overlap with each other,
indicating that the time-reversal symmetry is broken. These
nonoverlapped paths result from the combined effect of the
potential and the curl flux. Next, we focus on the dynamical
behaviors of the traveling band in the coexisting phase. As
shown in Figs. 5(c) and 5(d), it is found that for both intrinsic
and extrinsic noise, compared to the region ahead of the band
(red boxes) with VPs originating from the disordered phase,
the area behind the band (black boxes) primarily comprises
VPs that have just exited the traveling band. Consequently,
at similar p values, the black boxes exhibit larger g values
than the red boxes, which aligns with the observation that
the backward optimal transition path [black lines in Figs. 5(a)
and 5(b)] consistently lies above the forward path (red lines).

VIII. CONCLUSION AND DISCUSSION

In summary, by using the landscape-flux approach com-
bined with the coarse-grained mapping method in the VP
system, we quantified the nonequilibrium potential and flux
field in the p — g phase space for both intrinsic and extrin-
sic noise. Compared to the existing theoretical methods, our
approach and results not only reflect the global states of the
system changing smoothly/sharply from the ordered flocking
phase to the disordered phase under intrinsic/extrinsic noise,
but also reveal the dynamical and thermodynamical mecha-
nisms of the phase transition.

In the dynamical domain, we have constructed the nonequi-
librium potential landscape of the VP system within the
coarse-grained p — g phase space. This landscape effectively
captures global information about the VP system, including
phase states and their relative stabilities. Changes in landscape
morphology depending on noise intensity allow us to classify
transition types under different noise conditions. Addition-
ally, by calculating the nonequilibrium flux (serves as the
dynamical driving force), we have analyzed optimal transi-
tion paths (most probable paths) between dense (band) and
dilute phases in the coexistence region. We observed that the
forward and the backward optimal paths do not overlap with
each other, indicating the time-reversal symmetry breaking.
These nonoverlapping paths reveal the dynamics of VPs either
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FIG. 5. Optimal transition paths between dense and dilute phases in the coexisting phase of the VP system. (a) and (b) show the backward
(black lines) and forward (red lines) optimal transition paths between two phases under intrinsic (7 = 0.4) and extrinsic (7 = 0.6) noise,
respectively. (c) and (d) display typical snapshots in the steady states corresponding to (a) and (b), respectively. The arrows represent the

moving directions of the traveling bands.

forming or dissolving the traveling bands. Consequently, our
results provide physical insights into the visual landscape,
the dynamical driving force, and the dynamics of VPs in the
coexisting phase with traveling bands.

In the thermodynamic domain, Cavagna et al. investigated
the compression-based entropy (or computable information
density) of the VP system [31], which serves as a reason-
able approximation to thermodynamic entropy. Their analysis
focused solely on positional (density) information while
neglecting velocity data. In contrast, our study introduces
a density-alignment degree (p — ¢) phase space using the
coarse-grained mapping method, where density and alignment
degree represent positional and velocity information of the
VP system, respectively. This phase space proves more ap-
propriate as both density and alignment degree capture the
essential nature of various phases in VPs. Furthermore, we
have determined the EPR associated with time-reversal sym-
metry breaking and apparent dissipation at this coarse-grained
scale (p — g space) of the VP system. This EPR enables ex-
ploration of thermodynamic properties and changes in the VP
system during order-disorder phase transitions. Our findings
reveal distinct EPR variation patterns near the phase transi-
tion threshold for different noise types, demonstrating that
EPR acts as the thermodynamic driving force or origin for
these transitions. Notably, EPR variations are more abrupt and

pronounced under extrinsic noise, paralleling observations
made using the compression-based entropy method [31].

Our findings not only provide a physical and visual way
to reveal the underlying mechanism of the phase transition in
the VP system, but also offer a new perspective to explore
other collective behaviors in more complex nonequilibrium
systems.
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