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Abstract
Theoretical analysis using mathematical models is often used to understand a mech-
anism of collective motion in a self-propelled system. In the experimental system 
using camphor disks, several kinds of characteristic motions have been observed due 
to the interaction of two camphor disks. In this paper, we understand the emergence 
mechanism of the motions caused by the interaction of two self-propelled bodies by 
analyzing the global bifurcation structure using the numerical bifurcation method 
for a mathematical model. Finally, it is also shown that the irregular motion, which 
is one of the characteristic motions, is chaotic motion and that it arises from periodic 
bifurcation phenomena and quasi-periodic motions due to torus bifurcation.

Keywords  Particle reaction-diffusion model · Numerical bifurcation analysis · Self-
propelled motion · Chaotic motion

1  Introduction

Since the work of T. Vicsek et al. many theoretical analyses using particle motion 
models have been conduced to understand the collective motion of biological spe-
cies [1]. For example, flocks of birds [2], schools of fish [3], and insect swarms [4] 
have been investigated. In addition, physicists have developed many mathematical 
models of collective motion assuming various interactions [6–11]. Recently, there 
is also an analysis of collective motion that considers non-local interactions [12]. 
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Moreover, spontaneous motions of non-living systems have been reported, such as 
collective motions using liquid crystal molecules [13], micotubes [14, 15], asym-
metric particles called Janus colloidal particles [17] on the micromere scale [18], 
millimeter rods [16], etc.

In particular, there is a macroscopic experimental system called a self-propelled 
system in which individual materials move by changing the state of the field. For 
example, camphor particles [19] and oil droplets [20, 21] move in translational 
motion by changing the surface tension of the water.

Many researches have been performed to understand the mechanism of collective 
motions using such self-propelled systems, and collective motions on annular water 
channel using camphor boats and camphor disks [22, 23] and on the water surface 
of petri dishes [24–26] have been reported. In addition, a self-assembly motion of 
droplets has been reported by using the chemical reaction [27]. The mathematical 
model has also been proposed to understand the collective motion for such macro-
scopic self-propelled material. For example, there is a mathematical model for the 
collective motion of camphor boats in the annular water channel [28] and the col-
lective oscillatory motion of camphor disks [29], and there is also a mathematical 
model for the self-assembly motion of droplets with the chemical reaction [30].

One of the mathematical models to describe the above motion of self-propelled 
material is the particle reaction-diffusion model as follows [31]:

where xi
c
(t) and u(x,  t) are the center of an i-th disk, which is the sufactant and a 

surface concentration of the surfactant, respectively. � , � , du and k denote an area 
density of the disk, a friction coefficient, a diffusion coefficient of surfactant mol-
ecules on a water surface and a combined rate of sublimation and dissolution of 
the surfactant, respectively. When N = 1 , (1) represents the motion of a single self-
propelled material, and when N ≥ 2 , it represents the collective motion of self-pro-
pelled material. The function G(u) is a driving force to the self-propelled material, 
which is given by, for example,

or

where the function 𝛾(u) > 0 describe the surface tension on the water surface, for 
instance, which is the following strictly decreasing function of u > 0:
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where a > 0 , m ∈ ℕ , and �0 , 𝛾1 > 0 represent the surface tension of pure water and 
that of the critical micelle concentration of the surfactant, respectively. The function 
F(x) represents the supply of the surfactant molecules and a simple example of it is 
the supply from solid surfactant, which is described by

where ku and u0 are the supply rate and the density of the solid surfactant, respec-
tively, and r is the radius of solid surfactant. �(x) is the Dirac delta function, which 
corresponds the point source. In order to theoretically understand the mechanism 
of self-propelled material motion, much computer-aided and formal analysis using 
mathematical models have been investigated [32–36]. Furthermore, as rigorous 
mathematical analysis of the mathematical model (1), the global existence of solu-
tions in the whole space and the existence of unique traveling wave solutions [37], 
rotational motion solutions for one-dimensional periodic boundary conditions in 
space have been shown for the piecewise constant function supply term [38]. In 
addition, the existence of weak solutions is shown for the delta function supply term 
[39]. To understand the collective motion of camphor disks in the annular water 
channel [40], in 2015 Nishi et  al. analyzed the interaction of two camphor disks 
using the following dimensionless mathematical model without the inertia term, 
which assumes that camphor disks are very light [41]:

for i = 1,… ,N , and x ∈ [−L∕2, L∕2) , where 𝜇 > 0 and L > 2Nr > 0 , and the func-
tion �(u) and F(x) are given by

(2)�(u) =
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where a, �0, �1 are positive constants. �L is a map from ℝ to [−L∕2, L∕2) that is equiv-
alent to a canonical projection ℝ → ℝ∕ℤ ≅ S1 to which the annular water channel 
is considered to be homeomorphic. When N = 2 , from the computer-aided analy-
sis of (3) under the periodic boundary condition and the additional experimental 
results, the model system (3) was shown to qualitatively reproduce well the motion 
of two camphor disks [41]. The results also suggest that the traffic jam motion and 
billiard-like motions reported in the experiments can be reproduced. They are repro-
duced qualitatively, as shown in Fig. 1. In this study, the existence and stability of 
the motionless solution, the symmetric rotating solution (Fig. 2a), and the asymmet-
ric rotating solution (Fig. 2b) have also been investigated by computer-aided analy-
sis. In addition, characteristic numerical results such as an asymmetric oscillatory 
solution(Fig. 3a), an oscillatory rotating solution(Fig.3b, c) and an irregular motion 
solution(Fig.  3d) have been shown, but thebifurcation mechanism by which these 
solutions emerge is not known.

(a) (b)

Fig. 1   a The trajectory of the asymptotic solution xi
c
(1 ≤ i ≤ 14) corresponding to an traffic jam like 

motion of camphor disks. b The trajectory of the asymptotic solution xi
c
(1 ≤ i ≤ 7) corresponding to an 

billiard like motion of camphor disks. Both solutions are obtained by the numerical computation for (3) 
with � = 0.0002 , r = 0.5 , L = 100 , m = 2 and a = 0.05

(a) (b)

Fig. 2   The trajectory of the asymptotic solution x1
c
 and x2

c
 . The solid and dashed lines represent the tra-

jectories of x1
c
 and x2

c
 , respectively. a A symmetrically rotating solution of two disks ( � = 0.08 ), b An 

asymmetrically rotating solution of two disks ( � = 0.01 ). Both solutions are obtained by the numerical 
computation for (3) with r = 0.5 , L = 100 , m = 2 and a = 0.05
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In our study, we theoretically show the mechanism of the emergence of complex 
motions by analyzing the global bifurcation structure of (3) on the annular water 
channel when N = 2 and L = 10 , using the numerical bifurcation method. Further-
more, the bifurcation mechanism in which irregular motions appear is explained, 
and the chaotic nature of irregular motions is clarified by numerical calculation of 
the maximum Lyapunov exponent. This paper is organized as follows: the solution 
to be obtained by the numerical bifurcation is defined in Chapter 2. In Chapter 3, 
based on the definition of the solution, numerical solutions are obtained by the bifur-
cation method, and the linearization stability of the solutions is also shown numeri-
cally. In Chapter 4, we discuss the results of the bifurcation structure in Chapter 3 
and focus on irregular motions to investigate the mechanism of their appearance. 
Finally, we summarize the entire study and discuss future work.

2 � Mathematical definitions of disk motions

To analyze motions of disks on annular water channel, we introduce mathematical 
equations of which solutions correspond to actual motions. Firstly, we change the 
coordinate system of (3) from stationary to moving coordinate system z = x − ct 
where c represents a system velocity, which allows us to treat rotating motions such 

(a) (b)

(c) (d)

Fig. 3   The trajectory of the asymptotic solution x1
c
 and x2

c
 . a An asymmetric oscillatory solution 

( � = 0.0196 ). b A symmetric oscillatory rotating solution ( � = 0.00488 ). c An asymmetric oscillatory 
solution ( � = 0.00179 ). d An irregular motion solution ( � = 0.008 ). All solutions are obtained by the 
numerical computation for (3) with r = 0.5 , L = 10 , m = 2 and a = 0.05
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as the ones shown in Fig. 2 as stationary solutions. As the result of the transforma-
tion, we obtain the following equations:

where v(z, t) = u(z + ct, t) and zi
c
(t) = xi

c
(t) − ct(i = 1,… ,N) . We define four types 

of motion as solutions of mathematical equations using (7). Note that we suppose 
that z1

c
(t) < z2

c
(t) < ... < zN

c
(t) for all t > 0.

Definition 1  (Motionless solution) A stationary solution of (7) with c = 0 is called a 
motionless solution.

Definition 2  (Rotating solution) A stationary solution of (7) with c ≠ 0 is called a 
rotating solution.

Definition 3  (Oscillatory solution) A time-periodic solution of (7) with c = 0 and 
period T > 0 is called an oscillatory solution.

Definition 4  (Oscillatory rotating solution) A time-periodic solution of (7) with 
c ≠ 0 and period T > 0 is called an oscillatory rotating solution.

Figure 4a–d show typical example motions for solutions of Definition 1, 2, 3 and 
4, respectively. These four types of solution can represent all the known characteris-
tic motions of disks discovered in the previous researches [40, 41] except for irregu-
lar motions (Fig. 3d)

3 � Numerical results

Based on the definition explained in Chapter 3, we numerically analyzed the global 
bifurcation structure of (7).

3.1 � Newfound motions and their definitions

In the previous researches [40, 41], only eight types of solution: symmetric motion-
less solution, symmetric/asymmetric rotating solution, symmetric/asymmetric oscil-
latory solution, symmetric/asymmetric oscillatory rotating solution and irregular 
motion, have been reported, where the symmetries are about positions and ampli-
tudes of disks for motionless/rotating solutions and oscillatory/oscillatory rotating 
solutions, respectively. As the result of our bifurcation analysis, we found another 
four types of motion: round-trip-asymmetric motion (Fig. 5(a-2)), complete in-phase 
motion (Fig.  5b), period-doubled motion (Fig.  5(c-2)) and quasi-periodic motion 
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(Fig.  5(d-1), (d-2)). Round-trip-asymmetric motion is an oscillatory motion with 
different trajectories between the first and second half of its round-trip. In-phase 
motion is one of the periodic motions. Unlike the other motions, the disks oscil-
late in the same directions as shown in Fig. 5b. Period-doubled motion is a motion 
derived from a periodic motion. Although its trajectory is similar to the original one, 
there is a difference between the two successive periodic orbits. Its period is doubled 
from the original period because of the difference. Quasi-periodic motion has two 
different periods in its motion. In some figures, we negate constant rotating velocity 
by giving non-zero c for visibility.

From the observation of these motions, we introduce additional mathematical 
definitions of motion to classify them. In the following definitions, we fix N = 2 for 

(a) (b)

(c-1) (c-2)

(d-1) (d-2)

Fig. 4   Plots of example motions (a), (b), (c) and (d) which correspond to solutions of Definition 1, 2, 3, 
and 4, respectively. a � = 0.0202 , b � = 0.00197 , c-1 � = 0.0198 , c-2 � = 0.0196 , d-1 � = 0.00488 , d-2 
� = 0.0178 . The other parameters are r = 0.5,L = 10,m = 2 and a = 0.05
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(a-1) (a-2)

(c-1) (c-2)

(d-1) (d-2)

(b)

Fig. 5   Plots of newfound motions with auxiliary plots for comparison. a-1 Round-trip symmetric solu-
tion ( � = 0.00796, c = 0 ). a-2 Round-trip asymmetric solution ( � = 0.00801, c = 0 ). b Complete in-
phase solution ( � = 0.0149871, c = 2.8871 ). c-1 1-period solution ( � = 0.0177824, c = 0.250286 ). c-2 
2-period solution ( � = 0.0158555, c = 0.517698 ). d-1 A quasi-periodic motion ( � = 0.0033, c = 0 ). d-2 
A detailed figure of (d-1) (100 ≤ t ≤ 110)
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simplicity. Note that domains of solutions defined in Chapter 2 can be extended to ℝ 
since they are stationary or periodic solutions.

Definition 5  (Position-(a)symmetric solution) Suppose (z1
c
, z2

c
, v, c) is a motionless or 

rotating solution of (7) with N = 2 . The solution is called a position-symmetric solu-
tion if

holds for all t > 0 . If not, it is called a position-asymmetric solution.

Figure 2a and b are examples of position-symmetric and asymmetric solutions, 
respectively.

Definition 6  (Amplitude-(a)symmetric solution) Suppose (z1
c
, z2

c
, v, c,T) is an oscil-

latory or oscillatory rotating solution of (7) with N = 2 . The solution is called an 
amplitude-symmetric solution if there exist L� ∈ ℝ and t� ∈ ℝ such that

holds for all t > 0 . If not, it is called an amplitude-asymmetric solution.

Figure 4(c-1) and (c-2) are examples of an amplitude-symmetric and asymmetric 
solution, respectively.

Definition 7  (Round-trip-(a)symmetric oscillatory solution) Suppose (z1
c
, z2

c
, v, c,T) 

is an oscillatory solution of (7) with N = 2 . The solution is called a round-trip-sym-
metric oscillatory solution if

holds for i = 1, 2 and all t > 0 . If not, it is called a round-trip-asymmetric oscillatory 
solution.

The definition above means that the trajectory of the first half of their round-trip 
is equal to the inverted one of the second half. Figure 5(a-1) and (a-2) show exam-
ple motions which correspond to a round-trip-symmetric and asymmetric solution, 
respectively. Note that we do not consider round-trip-symmetry on oscillatory rotat-
ing solutions because they are usually round-trip-asymmetric due to their constant 
rotating velocity.

Definition 8  (Complete in-phase solution) Suppose (z1
c
, z2

c
, v, c,T) is an oscillatory 

or oscillatory rotating solution of (7) with N = 2 . The solution is called a complete 
in-phase solution if

z
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holds for all t > 0.

Figure 5b shows an example motion which corresponds to a complete in-phase 
solution.

For clarity of explanation, we assign a symbol to each type of motion we found 
based on the following assignment table (Table 1). A sequence of letters combined 
along each row corresponds to each type of motion. We omit unnecessary letters for 
simplicity.

3.2 � Bifurcation diagram

We numerically obtained the bifurcation diagram in the case of N = 2 and L = 10 
(Fig.  6), which is known as the parameter region where complicated solutions 
appear. Figure 7 shows typical examples of all the types of motion we found. For 
visibility of period-doubling transitions, we added z1

c
-z2

c
 plots of 2n-periodic solu-

tions (Fig. 8).
Previously only limited parts of the bifurcation structure, which were stationary 

solution branches, were examined. This numerical bifurcation analysis revealed the 
structure among not only stationary solutions but periodic ones. Owing to that, we 
were able to make mainly five notable observations about periodic motions includ-
ing chaotic ones: (1) there are stable branches of OSA (round-trip-asymmetric 
motion) which is a newfound motion. (2) There is an OrSI (complete-in-phase 
motion, which is also newfound) branch which is not directly connected to any sta-
ble branches. (3) There is a complicated part of the bifurcation structure hidden 
by the stable branch of OrSN around 0.002 ≤ � ≤ 0.005  (Fig.  9), which was not 
discovered in previous researches even though it has some stable branches. (4) A 
bifurcation process that is probably a period-doubling cascade exists near � = 0.016 

Table 1   Notation rules

All motionless/rotating solutions we found in this research are position-symmetric and the other charac-
teristics are not applicable

Solution type Period multiplier Amp. sym. Round-trip sym. Complete-in-phase

Motionless L1 – – – –

Rotating R1 – – – –
OscillatoryO (1-period) Symmetric S Symmetric S (Not complete-in-phase)

Asymmetric A
Asymmetric A Symmetric S

Asymmetric A
Oscillatory Rotating Or (1-period) Symmetric S (Asymmetric) Complete-in-phase I

Not complete-in-phase N
Asymmetric A (Not complete-in-phase)

N-period N Asymmetric A
Quasi-periodic Rotat-

ing Qpr
– – – –



641

1 3

On a numerical bifurcation analysis of a particle reaction-diffusion model

(Fig. 10). (5) A torus bifurcation point exists near � = 0.004 . The last two observa-
tions can give us some hints of the mechanism whereby the chaotic motion emerges, 
which has never been discussed before even though it appears in a large portion of 
the parameter space. Thus we discuss the mechanism in the next chapter.

4 � Analysis of the Chaotic Motion

Considering the bifurcation structures we obtained, there are two possible bifurca-
tion routes to the chaotic motion via period-doubling bifurcation and torus one. Both 
have well-known mechanisms by which chaotic motions emerge: period-doubling 
cascade and torus breakdown [42, 43], respectively. In this section, we numerically 
compute the maximum Lyapunov exponent [44], which is an indicator of chaotic 
motion [42], and investigate the relationship between those two bifurcation pro-
cesses and chaotic motion in this system. Figure  11 shows that both ends of the 
parameter region where chaotic motions in terms of Lyapunov exponent occur, that 
is, the region where the maximum Lyapunov exponent is positive, coincide with the 
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Fig. 6   Bifurcation diagram obtained numerically for solutions defined in Chapter  2. The value 
of Y-axis, where di(t) and vi(t) represent the distance to the next disk of i-th disk and velocity on the 
original(stationary) coordinate system at time t, respectively, is defined to be able to separate each branch 
curve. Solid lines indicate stable solutions, whereas dashed lines indicate unstable solutions. Five types 
of bifurcation point: Hopf, pitchfork, saddle-node, period-doubling and torus are represented by square, 
triangle, diamond, star and hexagon, respectively. Some branches disappear in the middle because the 
continuation of those branches was impossible due to their strong instability.1The branch of Qpr is not 
on this diagram because it does not match with Definition 1, 2, 3 or 4. However, we numerically obtained 
stable Qpr solutions (Fig. 9(m-1) and (m-2)) near the torus bifurcation point by computing time evolu-
tion. Therefore, we state that there exists a branch of Qpr 
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parameters where the period-doubling bifurcations repeatedly occur, and the saddle-
node bifurcation point of the stable OrSN branch lies. The coincidence at the right 
side of the region (near � = 0.016 ) implies that the repeated period-doubling bifur-
cations are most likely to be a part of period-doubling cascade, which leads to chaos. 
In addition, oscillatory and oscillatory rotating solutions sporadically exist around 
0.014 ≤ � ≤ 0.016 which are likely to be periodic windows, which are incidental to 
period-doubling cascade. Figure 13 shows trajectories of periodic solutions found 
in the periodic windows. Moreover, chaotic attractors [42] are likely to exist near 
the period-doubling cascade (Fig. 12). The left end of the chaotic region coincides 
with the saddle-node point of the OrSN branch and the transition from OrSN to 

(a) (b) (c-1) (c-2)

(d-1) (d-2) (e) (f)

(g-1) (g-2) (h-1) (h-2)

(i-1) (i-2) (j-1) (j-2)

(m-1) (m-2)(k) (l)

Fig. 7   Plots of trajectories of all the motions found. a L (c = 0,� = 0.0202) b R (c = 0,� = 0.00197) 
c-1, c-2 OrSN ( � = 0.00488 ) with c = 0 and c = 7.58 (resp.) d-1, d-2 OrSI ( � = 0.015 ) with c = 0 and 
c = 2.89 (resp.) e OSS (c = 0,� = 0.0198) f OAS (c = 0,� = 0.0196) g-1, g-2 OrA ( � = 0.0179 ) with 
c = 0 and c = 0.25 (resp.) h-1, h-2 Or2A ( � = 0.0159 ) with c = 0 and c = 0.518 (resp.) i-1, i-2 Or4A 
( � = 0.01559 ) with c = 0 and c = 0.548 (resp.) j-1, j-2 Or8A ( � = 0.01558 ) with c = 0 and c = 0.549 
(resp.) k OSA (c = 0,� = 0.00796) l OAA(c = 0,� = 0.00275) m-1, m-2 Qpr ( � = 0.0033, c = 0 ) in 
0 ≤ t ≤ 300 and 100 ≤ t ≤ 110 (resp.)
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chaos occurs suddenly according to the very sharp change of the maximum Lya-
punov exponent. By our bifurcation analysis, it can be explained as follows: there 
should exist a torus breakdown point which emerges from the torus bifurcation point 
near � = 0.004 . That should lead to chaos, however, the basin of the stable OrSN 
is so large that usual numerical calculations result in converging to OrSN solu-
tions quickly (Fig. 14), which is the possible reason why chaotic behaviors suddenly 
appear after the OrSN branch disappears at the saddle-node point.

(a) (b)

(c) (d)

Fig. 8   z1
c
-z2

c
 plots for a OrA ( � = 0.0179, c = 0.25 ), b Or2A ( � = 0.0159, c = 0.518 ), c Or4A 

( � = 0.01559, c = 0.548 ) and d Or8A ( � = 0.01558, c = 0.549)
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5 � Conclusion

This study clarifies the motion of two camphor disks in an annular water chan-
nel by numerical bifurcation calculations for the particle reaction-diffusion model 
under periodic boundary conditions. As the result, we were able to find new stable 
solutions (the round-trip-asymmetric solution, N-period solution ( N = 2, 4, 8 ) and 
quasi-periodic solution) that could not be found in previous studies. In addition, the 
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Fig. 9   A detailed figure of Fig. 6a

Fig. 10   A detailed figure of Fig. 6b
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numerical calculation of the maximum Lyapunov exponent showed that the motion 
shown as irregular motion in the previous result [41] is chaotic motion. The math-
ematical analysis of our model of the two self-propelled materials is limited to the 
existence of motionless, rotating, and asymmetric rotating solutions. Therefore, we 
want to analyze the existence and stability of periodic solutions in the future.

Fig. 11   Plot of maximum Lyapunov exponent �1 coupled with the bifurcation diagram
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Fig. 12   A plot of a trajec-
tory that is likely to be on 
a chaotic attractor near 
the period doubling cas-
cade.(� = 0.015577, c = 0.550517)

(a) (b)

(c) (d)

(e)

Fig. 13   Plots of periodic solutions found in the periodic windows a � = 0.01531, c = 0.29 , b 
� = 0.01502, c = 0 , c � = 0.01432, c = −0.012 , d � = 0.01402, c = 0.021 , e � = 0.01341, c = 0
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Appendix A Discretization

In order to numerically analyze the bifurcation structure of (7), we need to discre-
tize the system. It is preferable to employ Fourier series expansion rather than naive 
finite-difference method for discretization of v(z, t) because the term v(�L(zic ± r), t) 
may require values of v on arbitrary points in [−L∕2, L∕2).

Let (Z1

c
(t),… , ZN

c
(t)) be the positions of disks in the discretized system. Let us 

define a function V ∶ ℝ
2
→ ℝ as follows:

which represents v in the form of truncated Fourier series with wave number M 
and real coefficients (a0(t), a1(t),… , aM(t), b1(t),… , bM(t)) . In the following, we 
obtain the discretized system of (7), that is, the set of ordinary differential equations 
between (Z1

c
(t),… , ZN

c
(t)) and (a0(t), a1(t),… , aM(t), b1(t),… , bM(t)).

First, we substitute v and zi
c
 in (7) with V and Zi

c
 . Then, we obtain

The left-hand side of the second equation is

V(z, t) =
a0(t)

2
+

M∑
k=1

(
ak(t) cos

(
2�kz

L

)
+ bk(t) sin

(
2�kz

L

))
,

(8)
�
dZi

c

dt
=

�(V(�L(Z
i

c
+ r), t)) − �(V(�L(Z

i

c
− r), t))

2r
− �c (i = 1,… ,N),

�V

�t
=

�2V

�z2
− c

�V

�z
− V +

N∑
i=1

F(z − Z
i

c
).

Fig. 14   A failed transition to a quasi-periodic solution that resulted in falling onto OrSNN 
(� = 0.00347, c = 0.16)
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The right-hand side is

where

and

for k = 1,… ,M . Note that here F is

Next, let us integrate both sides from z = −L∕2 to L/2 then we obtain

�V

�t
=

1

2

da0

dt
+

M∑
k=1

(
dak

dt
cos

(
2�kz

L

)
+

dbk

dt
sin

(
2�kz

L

))
.

�2V

�z2
− c

�V

�z
− V +

N∑
i=1

F(z − Z
i

c
)

=

M∑
k=1

{
−
(
2�k

L

)2

ak cos

(
2�kz

L

)
−
(
2�k

L

)2

bk sin

(
2�kz

L

)}

+

M∑
k=1

{
−
2�kc

L
ak sin

(
2�kz

L

)
+

2�kc

L
bk cos

(
2�kz

L

)}

−

{
1

2
a0 +

M∑
k=1

(
ak cos

(
2�kz

L

)
+ bk sin

(
2�kz

L

))}

+

N∑
i=1

F(z − Z
i

c
)

= −
1

2
a0

+

M∑
k=1

{
ck cos

(
2�kz

L

)
+ dk sin

(
2�kz

L

)}

+

N∑
i=1

F(z − Z
i

c
)

ck(t) = −

{(
2�k

L

)2

+ 1

}
ak(t) +

2�kc

L
bk(t)

dk(t) = −
2�kc

L
ak(t) −

{(
2�k

L

)2

+ 1

}
bk(t)

F(x) =

{
1, |x| ≤ r,

0, |x| > r.

L

2

da0

dt
= −

L

2
a0 + 2Nr.
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Similarly, we multiply 2 cos(2�kz∕L)∕L on both sides and integrate them from 
z = −L∕2 to L/2 then the following is obtained:

for k = 1,… ,M . For bk , we multiply 2 sin(2�kz∕L)∕L on both sides and integrate 
them from z = −L∕2 to L/2 then the following is obtained:

for k = 1,… ,M . To sum up, we obtained

Combining the first equation of (8), the discretized system of (8) to be obtained is

where

dak

dt
=ck +

1

k�

N∑
i=1

{
sin

(
2�k(Zi

c
+ r)

L

)
− sin

(
2�k(Zi

c
− r)

L

)}

=ck +
2

k�
sin

(
2�kr

L

) N∑
i=1

cos

(
2�kZi

c

L

)

dbk

dt
=dk −

1

k�

N∑
i=1

{
cos

(
2�k(Zi

c
+ r)

L

)
− cos

(
2�k(Zi

c
− r)

L

)}

=dk +
2

k�
sin

(
2�kr

L

) N∑
i=1

sin

(
2�kZi

c

L

)
.

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

da0

dt
= −a0 +

4Nr

L
,

dak

dt
= ck +

2

k�
sin

�
2�kr

L

�∑N

i=1
cos

�
2�kZi

c

L

�
,

dbk

dt
= dk +

2

k�
sin

�
2�kr

L

�∑N

i=1
sin

�
2�kZi

c

L

�
,

k = 1,… ,M.

(9)

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

da0

dt
= −a0 +

4Nr

L
,

dak

dt
= ck +

2

k�
sin

�
2�kr

L

�∑N

i=1
cos

�
2�kZi

c

L

�
,

dbk

dt
= dk +

2

k�
sin

�
2�kr

L

�∑N

i=1
sin

�
2�kZi

c

L

�
,

�
dZi

c

dt
=

�(V(�L(Z
i

c
+ r), t) − �(V(�L(Z

i

c
− r), t))

2r
− �c,

k = 1,… ,M, i = 1,… ,N
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Typically we used M = 128 in this paper.

Appendix B Numerical methods

For solving the discretized system (9), we employed a four-stage fourth-order 
L-stable Rosenbrock method called ROS4 [46] by E. Hairer and G. Wanner [47]. 
Pseudoarclength continuation method [48] was used for branch continuation. To 
find periodic solutions, we employed Newton Shooting Method [52]. To compute 
eigenvalues and eigenvectors, we used ARPACK [51] for sparse matrices and the 
routine implemented in Eigen 3.3.9 [49] which is based on EISPACK [50] for dense 
matrices.

Acknowledgements  The last author was supported by JSPS KAKENHI Grant Number JP21H00996 and 
JST Moonshot R&D Grant Number JPMJMS2023 . The authors would like to thank Yasuaki Kobayashi, 
Mamoru Okamoto, Gen Nakamura and Yikan Liu (Hokkaido University) for their fruitful discussions, 
and Satoshi Nakata (Hiroshima University) and Hiroyuki Kitahata (Chiba University) for their useful 
information. Finally, the authors are grateful to the anonymous referees for their valuable comments.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, 
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as 
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article 
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is 
not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission 
directly from the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​
ses/​by/4.​0/.

References

	 1.	 Vicsek, T., Czirok, A., Ben-Jacob, E., Cohen, I., Shochet, O.: Novel type of phase transition in a 
system of self-driven particles. Phys. Rev. Lett. 75, 1226–1229 (1995)

	 2.	 Ballerini, M., Cabibbo, N., Candelier, R., Cavagna, A., Cisbani, E., Giardina, I., et al.: Interaction 
ruling animal collective behavior depends on topological rather than metric distance: evidence from 
a field study. Proc. Natl. Acad. Sci. USA 105, 1232–1237 (2008)

	 3.	 Parrish, J.K., Edelstein-Keshet, L.: Complexity, pattern, and evolutionary trade-offs in animal 
aggregation. Science 284, 99–101 (1999)

	 4.	 Buhl, J., Sumpter, D.J.T., Couzin, I.D., Hale, J.J., Despland, E., Miller, E.R., Simpson, S.J.: From 
disorder to order in marching locusts. Science 312, 1402–1406 (2006)

	 5.	 Méhes, E., Vicesk, T.: Collective motion of cells: from experiments to models. Integr. Biol. 6, 831–
854 (2014)

V(z, t) =
a0(t)

2
+

M∑
k=1

(
ak(t) cos

(
2�kz

L

)
+ bk(t) sin

(
2�kz

L

))
,

ck(t) = −

{(
2�k

L

)2

+ 1

}
ak(t) +

2�kc

L
bk(t),

dk(t) = −
2�kc

L
ak(t) −

{(
2�k

L

)2

+ 1

}
bk(t).

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


651

1 3

On a numerical bifurcation analysis of a particle reaction-diffusion model

	 6.	 Shimoyama, N., Mizuguchi, T., Hayakawa, Y., Sano, M.: Collective motion in a system of motile 
elements. Phys. Rev. Lett. 76(20), 2870–3873 (1996)

	 7.	 Toner, J., Tu, Y.: Flocks, herds, and schools: a quantitative theory of flocking. Phys. Rev. R 58(4), 
4828–4858 (1998)

	 8.	 Czirók, A., Vicsek, T.: Collective behavior of interacting self-propelled particles. Physica A 281, 
17–29 (2000)

	 9.	 Kevine, H., Pappel, W.-J., Cohenm, I.: Self-organization in systems of self-propelled particles. Phys. 
Rev. E 63, 017101 (2000)

	10.	 Niisato, T., Gunji, Y.-P.: Metric-topological interaction model of collective behavior. Ecol. Model. 
222, 3041–3049 (2011)

	11.	 Ribeiro, H.E., Potiguar, F.Q.: Active matter in lateral parabolic confinement: From subdiffusion to 
superdiffusion. Physica A 462, 1294–1300 (2016)

	12.	 King, A.E.B.T., Tumerm, M.S.: Non-local interactions in collective motion. R. Soc. Open Sci. 8, 
201536 (2021)

	13.	 Sanchez, T., Chen, D.T., Decamp, S.J., Heymann, M., Dogic, Z.: Spontaneous motion in hierarchi-
cally assembled active matter. Nature 491, 431–434 (2012)

	14.	 Hong, Y., Velegol, D., Chatuvedi, N., Sen, A.: Biomimetic behavior of synthetic particles: from 
microscopic randomness to macroscopic control. Phys. Chem. Chem. Phys. 23, 1423–1435 (2010)

	15.	 Sumino, Y., Nagai, K.H., Shitaka, Y., Tanaka, D., Yoshikawa, K., Chaté, H., Oiwa, K.: Large-scale 
vortex lattice emerging from collectively moving microtubules. Nature 483, 448–452 (2012)

	16.	 Kumar, N., Soni, H., Ramaswamy, S., Sood, A.K.: Flocking at a distance in active granular matter. 
Nat. Commun. 5, 4688 (2014)

	17.	 Jiang, H.R., Yoshinaga, N., Sano, M.: Active motion of a janus particle by self-thermophoresis in a 
defocused laser beam. Phys. Rev. Lett. 105, 268302 (2010)
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