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We numerically investigate the breathing dynamics induced by collision between bright solitons in a binary dipolar
Bose–Einstein condensates, whose dipole–dipole interaction and contact interaction are attractive. We identify three special
breathing structures, such as snakelike special breathing structure, mixed breathing structure, and divide breathing structure.
The characteristics of these breathing structures can be described by breathing frequency Ω , maximum breathing amplitude
A and lifetime τ , which can be manipulated by atomic number Ni and interspecies scattering length a12. Meanwhile, the
above breathing structures can realize the process of quasi-transition with a reasonable Ni and a12. Additionally, the
collision of two special breathing structures also can bring more abundant breathing dynamics. Our results provide a
reference for the study of soliton interactions and deepen the understanding of soliton properties in a binary dipolar Bose–
Einstein condensates.

Keywords: dipolar Bose–Einstein condensates, soliton, soliton collision
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1. Introduction

The interaction between solitons has always been a hot
topic in research due to its rich dynamical behavior.[1–8] The
phase shift that occurs after elastic collision between solitons
reveals the nature of particle-like.[4,5] The theoretical analy-
sis of the interaction between bright solitons in potential wells
has led to the observation of interference patterns.[8] In re-
cent years, the realization of dipolar Bose–Einstein conden-
sates (BECs) has provided a new direction for studying soli-
ton interactions.[9–15] The atoms that make up dipolar BECs
have large magnetic dipole moment, which gives rise to the
occurrence of dipole–dipole interactions. Dipole–dipole in-
teraction is an anisotropic long-range interaction, which is
fundamentally different from the isotropic short-range con-
tact interaction.[16–22] The long-range feature of dipole–dipole
interactions allows for the stabilization of multidimensional
solitons and new local waves (such as soliton molecules and
dark solitons with ripples[23–26]), while the anisotropic fea-
ture facilitates the formation of anisotropic solitons (such as
anisotropic bright and vortex solitons[27,28]). Therefore, ex-
ploring the nonlinear excitation dynamics under dipole–dipole
interactions is an important topic in ultracold atom systems.

The extensive research has been conducted on the in-
teraction between solitons in finite-component systems. In
single-component BECs systems, the formation and propa-

gation of bright solitons in 7Li atoms,[29,30] as well as the
collision dynamics between these solitons,[2] have been stud-
ied extensively. Compared with single-component BECs,
multi-component BECs exhibit richer dynamics as they not
only have intraspecies interactions but also have interspecies
interactions.[19,31–33] For example, vector solitons such as
bright–bright solitons[34–36] and dark–dark solitons[37,38] have
been theoretically predicted in multi-component BECs.

As we know, there has been a lack of research on soli-
ton interactions in multi-component dipolar BECs systems.
Therefore, the study of soliton collision dynamics in this sys-
tem is worthy of more attention. There are some important
unresolved issues. (i) In single-component dipolar BECs, soli-
ton interactions lead to breathing phenomena. Can multi-
component dipolar BECs bring more various dynamic phe-
nomena? (ii) How to control these nonlinear excitations and
characterize their regularity? Based on these questions, our
research is carried out.

In this paper, we investigate the interaction between soli-
tons in a binary dipolar BECs system. The numerical results
indicate that the collision of two bright solitons can induce
special breathing structures, such as snakelike special breath-
ing structure (SS), mixed breathing structure (MS), and di-
vided breathing structure (DS). We have demonstrated that
the existence of these three special breathing structures de-
pends on traditional breathing solitons (TS). And their breath-
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ing properties are closely related to the atomic number Ni and
interspecies scattering length a12. Meanwhile, we find that
the lifetime of the MS structure can also be manipulated by
atomic number Ni and interspecies scattering length a12. In ad-
dition, the collision between these special breathing structures
can also bring some interesting dynamics. After the collision
of SS and DS structures of the same type, they can maintain
their own stability. When two MS structures of the same type
collide, they exhibit different breathing dynamics at different
velocities. Our research results demonstrate that collisions be-
tween bright solitons in a binary dipolar BECs system lead
to richer breathing dynamics, providing a reference for future
studies of solitons and their interactions in multi-component
dipolar BECs systems.

2. Model of the binary dipolar BECs
The dynamics of binary dipole BECs can be described by

the coupled Gross–Pitaevskii (GP) model[22,39,40]

ih̄
∂Ψ1

∂ t
=

[
− h̄2

2m1
∇

2 +V1(𝑟)+
4π h̄2

m1
a1N1 |Ψ1|2

+
2π h̄2

mR
a12N2 |Ψ2|2 +

N1µ0

4π
Φdd

(1)+
N2µ0

4π
Φdd

(12)
]
Ψ1, (1)

ih̄
∂Ψ2

∂ t
= [− h̄2

2m2
∇

2 +V2(𝑟)+
4π h̄2

m2
a2N2 |Ψ2|2

+
2π h̄2

mR
a12N1 |Ψ1|2 +

N2µ0

4π
Φdd

(2)+
N1µ0

4π
Φdd

(21)]Ψ2, (2)

we consider a bright soliton in a binary dipole BECs whose
mass, atomic number, and scattering length for the two species
i = 1,2, given by mi, Ni and ai, respectively. Ψi(𝑟, t) is
the mean-field wave function of condensates. The third and
fourth terms on the right side of the equation represent in-
traspecies and interspecies contact interactions, and the fifth
and sixth terms represent intraspecies and interspecies dipole
interactions. Here a12 represents the interspecies scattering
length, µ0 is the permeability of the free space, and mR =

m1m2/(m1 +m2) is the reduced mass. The external potential
Vi(𝑟) provides a trap where the cloud is confined, and it can
be assumed as a harmonic form, Vi(𝑟) = miωi

2ρ2, where ωi is
the angular frequencies of the traps acting on the two species
in the transverse ρ direction (here, ω1 = ω2). Meanwhile, ax-
ial trap is ignored. The nonlocal dipolar potential is

Φdd
(i j) =

∫
µiµ j(1−3cosθ)

|(𝑟−𝑟′)|3
Ψj(𝑟

′, t)d𝑟′, ρ
2 = x2 + y2,

where θ is the angle between the vector joining interacting
particles and the dipole direction, µi and µ j are the magnetic
dipole moment. Under the action of the transverse external
trap Vi(𝑟), the condensates are compressed to be cigar-shaped,
so that we can consider them to be a quasi-one-dimensional

dipolar BECs. The 3D model can be reduced into a 1D
model. For this purpose, we can assume a wave function
Ψi(𝑟, t) = ψi(z)φi(x,y)exp[−it(miω

2
i l2

i )/h̄], where φi(x,y) =
exp[−(x2 + y2)/(2l2

i )]/(li
√

π) and li =
√

h̄/(miωi). By the
integration over transverse directions, the effective 1D poten-
tial of the dipole–dipole interaction is obtained as

Φ̃
(i j)
dd (z, t) =−

αµiµ j

2l13

∫ +∞

−∞

R̃(z− z′)
∣∣ψ̃ j(z′, t)

∣∣2 dz′,

where α = (1 + 3cosθ)/4 with a range from −1/2 to 1,
and θ is the angle between dipole and z direction. The
nonlocal response function has the form of R̃(z) = (1 +

2u2)exp(u2)erfc(|u|)− 2π−1/2 |u|, where u = z/(
√

2l1) and
erfc is the complementary error function (the detailed cal-
culation of the 1D dipolar potential has been illustrated in
Ref. [41]). Then, by the transformation

t =
2

ω1
T, z =

√
2l1Z, ψ̃i =−

1
2
√
|as0|

ψi,

we can transform the 1D binary dipolar model into a dimen-
sionless model. For convenience, the labels Z and T are sev-
erally replaced by z and t, and the final dimensionless model
becomes

iψ1t = −1
2

ψ1zz +g(1)c |ψ1|2 ψ1 +gc
(12) |ψ2|2 ψ1

+gd
(1)
∫

R(z− z′)
∣∣ψ1(z′, t)

∣∣2 dz′ψ1

+gd
(12)

∫
R(z− z′)

∣∣ψ2(z′, t)
∣∣2 dz′ψ1, (3)

iψ2t = − m1

2m2
ψ2zz +g(2)c |ψ2|2 ψ2 +gc

(21) |ψ1|2 ψ2

+gd
(2)
∫

R(z− z′)
∣∣ψ2(z′, t)

∣∣2 dz′ψ2

+gd
(21)

∫
R(z− z′)

∣∣ψ1(z′, t)
∣∣2 dz′ψ2, (4)

where the response function is

R(z) = (1+2z2)exp(z2)erfc(|z|)−2π
−1/2|z|.

In this equation,

g(1)c =
200h̄a1

3m1l2
1ω1 |as0|

, g(2)c =
200h̄a2

3m2l2
2ω1 |as0|

,

g(12)
c =

100h̄a12

mR(2l2
1 + l2

2)ω1 |as0|
, g(21)

c =
100h̄a12

mR(l2
1 +2l2

2)ω1 |as0|
,

g(1)d =
−25
√

2αµ0µ2
1

4π h̄ω1l2
1 |as0|

, g(2)d =
−25
√

2αµ0µ2
2 l1

4π h̄ω1l3
2 |as0|

,

g(12)
d =

−25
√

2αµ0µ1µ2l1
4π h̄ω1l3

2 |as0|
, g(21)

d =
−25
√

2αµ0µ1µ2

4π h̄ω1l2
1 |as0|

,

where g(i)c and g(i)d represent the strength of intraspecies con-
tact and intraspecies dipolar interactions, respectively. g(i j)

c

and g(i j)
d represent the strength of interspecies contact and in-

terspecies dipolar interactions, as0 is the background value of
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scattering length. The positive(or negative) values of gc and
gd indicate the repulsive(or attractive) interaction.

In our numerical simulations, the binary dipolar conden-
sates of 164Dy and 168Er atoms are considered, which have
the largest magnetic moments of all the dipolar atoms used
in the BECs experiments. For the 164Dy–168Er mixture, we
label 164Dy atoms as i = 1, and 168Er atoms as i = 2. The
magnetic moment of a 164Dy atom is µ1 = 10µB

[9] and of
a 168Er atom is µ2 = 7µB

[10] with µB being the Bohr mag-
neton. We have m1 = 2.72329× 10−25 kg, m2 = 2.78971×
10−25 kg, l1 = 1 µm, l2 = 0.99 µm, ω1 = ω2 = 2π × 61 Hz,
µB = 9.27401× 10−24 A ·m2, µ0 = 4π × 10−7 N ·A−2, h̄ =

1.05457×10−34 J · s, as0 = 1.17×10−7 m, and a0 = 5.292×
10−11 m with a0 being the Bohr radius. Since the values of
m1 and m2 are relatively close, we also approximate the co-
efficient of the kinetic energy term of model (4) to −1/2.
The units of space and time coordinates are respectively xu =√

2l1 = 1.414 µm and tu = 2/ω1 = 5.22 ms. The realistic
atom number is Ñi = Ni

√
2l1/(4|as0|) = 30218Ni, where Ni is

the dimensionless one.
The experimental values of the scattering lengths we con-

sidered are all known, except for the intraspecies scattering
length of 168Er atoms. Preliminary cross-dimensional ther-
malization measurements indicate that the scattering length
is between 150a0 and 200a0.[10] The scattering length can be
experimentally controlled independently by magnetic[42] and
optical[43] Feshbach resonance techniques. The dipole inter-
action strength gd can be changed by adjusting α . In con-
trast to single-component dipolar BECs, binary dipolar BECs
not only have intraspecies interactions but also have dipole–
dipole interactions. Interspecies scattering length a12 plays an
essential role in the study of binary bright solitons, leading to
richer dynamic phenomena.[44] Therefore, we aim to explore
the influence of interspecies scattering length a12 on soliton
properties in binary dipolar BECs. For 164Dy atoms, we take
a1 = −120a0, and for 168Er atoms, we take a2 = −60a0, in
addition set α = 1.

3. Breathing dynamics of solitons induced by
collision
Here, we use the split-step Fourier method[45] and the

imaginary-time propagation method[46] to obtain the numer-
ical profiles of bright solitons in models (3) and (4). They
are denoted as ψi(z), so the atom number of the soliton is
Ni =

∫ +∞

−∞
|ψi(z)|2 dz. With the chemical potential µ , the bright

soliton solution in the models (3) and (4) can be written as[
Ψ1(z, t)
Ψ2(z, t)

]
=

[
Ψbs1(z)e−iµ1t

0

]
, (5)[

Ψ1(z, t)
Ψ2(z, t)

]
=

[
0

Ψbs2(z)e−iµ2t

]
, (6)

It is an effective method to investigate the dynamic character-
istics of solitons by the collision between solitons. We give
the initial conditions for two solitons with opposite velocities[
Ψ1(z,0)
Ψ2(z,0)

]
=

[
Ψbs1(z− z0)

0

]
e ivz +

[
0

Ψbs2(z+ z0)

]
e−ivz, (7)

where z0 > 0 and v ≥ 0 are the initial offset and velocity of
solitons, respectively.

We consider the case of the attractive dipole interac-
tion (intraspecies and interspecies) and attractive contact in-
teraction (intraspecies and interspecies). We can obtain
stable bright solitons and BECs in a reasonable research
range. In the numerical simulation, we adopt the split-step
Fourier method to implement the amplitude evolution |ψ(z, t)|.
Here, Figs. 1(a1)–1(c1) represent the first component and
Figs. 1(a2)–1(c2) represent the second component. The initial
parameters are a12 = −60a0, N1 = 1, N2 = 2, z0 = 5, v = 0.8
and the plot of amplitude evolution of the first component is
illustrated in Fig. 1(a1). The result reveals that an SS structure
is observed on the left side of the z-axis after the collision, and
a TS structure with a stable breathing frequency is formed on
the right side. Meanwhile, the plot of amplitude evolution of
the second component is depicted in Fig. 1(a2), the TS struc-
ture is formed on the left side of the z-axis after collision, and
the SS structure is observed on the right side. Here, we dis-
tinguish the difference between the TS structure and the SS
structure based on the variation in their peak amplitude. The
TS structure exhibits peak amplitude oscillations in the center,
whereas, for the SS structure, the peak amplitude oscillates
around the center in a snake pattern. They all have a stable
breathing frequency. Then, we consider the initial parameters
of a12 = −60a0, N1 = 3, N2 = 1, z0 = 5, v = 0.6, and the
amplitude evolution |ψ1(z, t)| of the first component is shown
in Fig. 1(b1). After the collision, we observe the SS struc-
ture on the left side of the z-axis, and the TS structure on the
right side. However, due to the first component having a larger
number of atoms, it can maintain stability more effectively af-
ter collision, resulting in a relatively small and inconspicuous
SS structure. The amplitude evolution |ψ2(z, t)| of the second
component is shown in Fig. 1(b2), we observe the TS structure
on the left side of the z-axis after collision, and a unique DS
structure appears on the right side. When the initial parame-
ters are a12 = −100a0, N1 = 0.5, N2 = 1, z0 = 5, v = 0.6, the
amplitude evolution |ψ1(z, t)| of the first component is shown
in Fig. 1(c1). We find that the DS structure can converge to
form an SS structure over time, appearing on the left side of
the z-axis after collision. And the TS structure forms on the
right side. This mixed breathing structure is called the MS
structure. There is a TS structure on the left side of z-axis after
collision and an SS structure on the right side of the second
component, as shown in Fig. 1(c2).
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Fig. 1. The amplitude evolution plot in different components under initial conditions (7) with the following parameters: (a1) and (a2) N1 = 1,
N2 = 2, a12 =−60a0, v = 0.8; (b1) and (b2) N1 = 3, N2 = 1, a12 =−60a0, v = 0.6; (c1) and (c2) N1 = 0.5, N2 = 1, a12 =−100a0, v = 0.6. The
upper panel indicates the first component |ψ1|, the lower panel represents the second component |ψ2|, and the other parameter is z0 = 5.

Up to now, we have obtained three special breathing
structures by simulating the collision of two bright solitons
in binary dipole BECs, in which SS structure, MS structure
and DS structure all exist rely on the TS structure. In this pa-
per, we mainly excite three special breathing structures, which
bring some novel breathing dynamics. Next, we will explore
the conditions under which these breathing structures are ex-
cited.

To investigate the special breathing structures, we present
phase diagrams in a space defined by atomic number Ni and
interspecies scattering length a12. Specifically, Figs. 2(a) and
2(c) are associated with the left side of the z-axis after colli-
sion, while Figs. 2(b) and 2(d) correspond to the right side of
the z-axis. When the number of 164Dy atom N1 = 1, Fig. 2(a)
shows the distribution of breathing structures for different N2

and a12. Here, the red region corresponds to the excitation of
SS and TS structures (first and second components), while the
blue region corresponds to the excitation of MS and TS struc-
tures (first and second components). Furthermore, in Fig. 2(b),
we give the excitation conditions of TS and DS structures (first
and second components) in the green area and ones of TS and
SS structures (first and second components) in the red area. It
is evident from Figs. 2(a) and 2(b) that the quasi-transition be-
tween different types of special structures is dependent on the
atomic number Ni and the interspecies scattering length a12.
In the quasi-transition process, the atomic number Ni plays a

more important role. The result indicates that when the atomic
number of the second component is larger than that of the first
component, a stable SS structure in the first component can
gradually separate into MS structures. And the divided DS
structures in the second component can gradually turn into sta-
ble SS structures.
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Fig. 2. The phase diagrams depict the special breathing structure ob-
served after a collision between binary 164Dy–168Er solitons. When
N1 = 1, (a) and (b) depict the special breathing structures that are respec-
tively excited on the left and right sides following the collision along the
z-axis. When N2 = 1, (c) and (d) depict the special breathing structures
that are respectively excited on the left and right sides following the col-
lision along the z-axis. The front of the bar indicates the first component,
and the back of the bar indicates the second component. The parameters
used in the numerical simulation are a1 =−120a0, a2 =−60a0, v = 0.6,
z0 = 5.
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Fig. 3. Effect of atomic number Ni and interspecies scattering length a12 on the maximum value of the breathing amplitude A and frequency
Ω of three breathing structures: SS, DS, MS (from left to right). The initial condition for panel (a1) N1 = 1, a12 = −60a0, panel (b1) N2 = 1,
a12 =−60a0, panel (a2) N1 = 1, N2 = 2, panel (b2) N1 = 3, N2 = 1, where the solid red line indicates the breathing frequency Ω , and the solid
black line indicates the maximum value of the breathing amplitude A. In panel (c1) N1 = 1, a12 = −100a0 and in panel (c2) N1 = 0.4, N2 = 1,
where the solid red and black lines represent breathing frequency Ω1 and the maximum value of the breathing amplitude A1 before mixing,
respectively, and the red and black dashed lines represent the breathing frequency Ω2 and the maximum value of the breathing amplitude A2 after
mixing, respectively. The other parameters are z0 = 5, v = 0.6.

When the number of 168Er atom N2 = 1, in Fig. 2(c), the
green area excites DS and TS structures (first and second com-
ponents), the blue area excites MS and TS structures (first and
second components), and the red area excites SS and TS struc-
tures (first and second components). As the atomic number N1

increases, the quasi-transition from DS structure to MS struc-
ture to SS structure can be achieved in the first component. In
Fig. 2(d), the red region excites the TS and SS structures (the
first and second components) and the green region excites the
TS and DS structures (the first and second components). As
the atomic number N1 increases, the quasi-transition from the
SS structure to the DS structure can be achieved in the second
component.

It can be seen from Fig. 2 that atomic number Ni and
interspecies scattering length a12 have significant effects on
the three breathing structures. The character of the breathing
structure can be described by its maximum breathing ampli-
tude A and breathing frequency Ω . We define the time when
peak appears as tpeak. In the numerical simulation, the breath-
ing period Tbr can be measured by the average value of time
differences between two adjacent peaks of |ψ(zm, t)|2, i.e., the
average value of t(n)peak− t(n+1)

peak . Thus, the breathing frequency
is Ωbr = 2π/Tbr. The maximum breathing amplitude Abr can
be measured by the average value of |ψ(zm, t)|2 of all peaks,
i.e., Abr = ∑n |ψ(xm, t

(n)
peak)|

2/n.

In the case where a12 = −60a0, N1 = 1, our findings
indicate that the maximum breathing amplitude A and fre-
quency Ω of the SS structure increase as N2 increases, as
shown in Fig. 3(a1). Additionally, when N1 = 1, N2 = 2,
the maximum breathing amplitude A and frequency Ω of the
SS structure increase with increasing interspecies scattering
length a12, as demonstrated in Fig. 3(a2). Therefore, we ma-
nipulate the maximum breathing amplitude A and frequency
Ω of the SS structure by atomic number Ni and interspecies
scattering length a12. As mentioned earlier, the DS structure
comprises two columns of breathing solitons that are nearly
identical. So, the maximum breathing amplitude A and breath-
ing frequency Ω of DS structure are described by the aver-
age of the two columns of breathing solitons. In the scenario
where a12 =−60a0, N2 = 1, the findings indicate that the max-
imum breathing amplitude A and breathing frequency Ω of
the DS structure increase with increasing N1, as illustrated in
Fig. 3(b1). Conversely, in the case of N1 = 3, N2 = 1, the
maximum breathing amplitude A of the DS structure gradu-
ally decreases with increasing interspecies scattering length
a12, while the breathing frequency Ω gradually increases, as
demonstrated in Fig. 3(b2). Furthermore, we have a new dis-
covery for the MS structure, which is comparable to the quasi-
transition stage of divided DS structure turning into an SS
structure. Therefore, the MS structure research is divided into
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two categories: pre-mixing and post-mixing. During numer-
ical simulations, we designate the collision time point as the
initial time, pre-mixing as the time period from 0 to 10, and
post-mixing as the time period from 50 to 60. A1, A2, Ω1, and
Ω2 represent the maximum breathing amplitude and frequency
before and after mixing, respectively. For a12 = −100a0,
N1 = 1, the results indicate that as N2 increases, the maxi-
mum breathing amplitudes (A1 and A2) of the MS structure
before and after mixing gradually decrease, while the breath-
ing frequencies (Ω1 and Ω2) before and after mixing progres-
sively increase, as illustrated in Fig. 3(c1). In the case where
N1 = 0.4, N2 = 1, the findings indicate that with increasing in-
terspecies scattering length a12, the maximum breathing am-
plitude A1 of the MS structure before mixing gradually de-
creases, while the maximum breathing amplitude A2 after mix-
ing gradually increases. Moreover, the breathing frequency
(Ω1 and Ω2) before and after mixing progressively increases,
as illustrated in Fig. 3(c2).

When studying the breathing character of the MS struc-
ture, we find that the lifetime τ of the MS structure is influ-
enced by atomic number Ni and interspecies scattering length
a12.

We aim to quantitatively investigate the relation between
the lifetime τ of the MS structure and the atomic number Ni

and the interspecies scattering length a12. During numerical
simulations, we utilize the following initial conditions for the
collision of two solitons: N1 = 0.5, N2 = 1, a12 = −100a0,
v = 0.6, z0 = 5. Furthermore, we capture the dip profile of
the MS structure in the first component and the TS structure
in the second component at t = 20 in the real-time evolution

process. Their initial expressions are as follows:
[

ψbr1(z)
ψbr2(z)

]
.

It is obtained after the soliton center at the inclination moves
to the coordinate origin and only the amplitude distribution is
preserved. Subsequently, by integrating the modulus of the
centroid coordinates, the P-value is obtained, which is a phys-
ical quantity describing the lifetime τ of the MS structure. The
integral expression of P is denoted by

P =
∫ t+t0

t−t0
|z̄|t dt, z̄ =

∫
l z|ψbr1(z)|2 dl∫
l |ψbr1(z)|2 dl

,

where z̄ represents the centroid coordinates.
The outcomes depicted in Fig. 4(b) demonstrate that the

centroid coordinates gradually approach the 0-axis over time.
To determine the lifetime τ , we refer to the amplitude evolu-
tion diagram of the MS structure displayed in Fig. 4(a) and in-
tegrate the centroid coordinates to obtain a reasonable thresh-
old. During the numerical simulations, we set the time pre-
cision to ∆t = 0.002 and the time interval to t0 = 3. Based
on statistical analysis, we confirm that when P < 1.6, a mixed
state is reached. In Fig. 4(c), we observe that the lifetime τ

decreases as the atomic number N1 increases when N2 = 1,
a12 = −100a0. In Fig. 4(d), we demonstrate that an increase
in the interspecies scattering length a12 results in an increase
in the lifetime τ , when N1 = 0.5, N2 = 1.
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Fig. 4. When N1 = 0.5, a12 =−100a0, N2 = 1, (a) amplitude evolution plot
of MS structure and (b) the centroid coordinate plot corresponding to the
MS structure amplitude evolution plot. (c) The variation in lifetime with
the atomic number N1 when a12 = −100a0, N2 = 1. (d) The variation in
lifetime with the interspecies scattering length a12 when N1 = 0.5, N2 = 1.

4. Interaction between three special breathing
structures
We have successfully induced three unique breathing

structures through the collision of bright solitons, resulting in
rich breathing dynamics. Next, we want to explore the interac-
tions among these distinctive breathing structures. In numeri-
cal simulations, we apply the super-Gaussian function to filter
the dip profile and weaken the radiation waves outside the soli-
ton to better illustrate the collision dynamics. Consequently,
the initial condition is changed into[

Ψ1(z,0)
Ψ2(z,0)

]
=

[
Ψ

(l)
br1(z− z0)

Ψ
(l)

br2(z− z0)

]
e ivz+

[
Ψ

(k)
br1 (z+ z0)

Ψ
(k)

br2 (z+ z0)

]
e−ivz. (8)

The above initial conditions include three special breathing
structures, such as SS structures, DS structures and MS struc-
tures. They are both made up of medial peaks and lateral
peaks. As shown in the Fig. 5(a) for MS structure, the peak
near the 0-axis is the medial peak, and the one far away from
the 0-axis is the lateral peak, denoted as M and L respectively.
The result reveals that the collision between two identical SS
or DS structures does not change their respective breathing
types. In other words, they remain as SS or DS structures
after collision. However, when two identical MS structures
collide, it significantly impacts their breathing properties. For
instance, the collision can lead to changes in their lifetime.
Based on the findings displayed in Fig. 5(a), it is evident that
two MS structures can sustain their individual type for an
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extended period after collision, indicating a longer lifetime.
However, from Fig. 5(b), it is observed that two MS structures
collide and rapidly transform into SS structures, implying a
shorter lifetime. The difference in velocity under the initial
conditions is responsible for this result. Consequently, we uti-
lize the collision time tc to describe the effect of velocity on its
lifetime τ . Next, we explore the relationship between the life-
time τ of MS structures and the collision time tc. During the
numerical evolution, the time period of both medial and lateral
peaks is denoted as TDS = 1.33. The research results, as shown
in Fig. 5(c), indicate that collisions play a crucial role in the
lifetime of MS structure, and its lifetime presents a periodic

change with tc. Subsequent to the collision, the SS structure

formation time period is approximately TSS = 1.4, whereas

the MS structure formation time period is about TMS = 1.3.

From the figure, it is evident that the maximum lifetime of the

MS structure post-collision consistently falls within the inter-

val spanning from M to L. The collision between two differ-

ent breathing structures can also alter the breathing types and

breathing properties of the SS structure, MS structure, and DS

structure. Collisions at different velocities can result in mu-

tual transformations among these three special breathing struc-

tures, namely the SS structure, MS structure, and DS structure.
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Fig. 5. When N1 = 0.5, N2 = 1, a12 =−100a0, z0 = 10, the amplitude evolution plots for the collision of two MS structures at time (a) tc = 6, and
(b) tc = 7. (c) The variation of the lifetime τ of MS structures after collision with respect to the collision time tc. The black solid line represents
the lifetime τ of the MS structure after collision, and the solid red line represents the lifetime τ of the MS structure without interaction.

5. Conclusion

We conduct numerical studies on the collision process of
bright solitons in a binary dipolar BECs system. The breathing
phenomenon of solitons after collision is caused by the attrac-
tive dipole–dipole interaction and contact interaction. After
the collision, we obtain three special breathing structures, such
as SS structure, MS structure, and DS structure. The char-
acteristics of these breathing structures can be described by
breathing frequency Ω , maximum breathing amplitude A and
lifetime τ , which can be manipulated by atomic number Ni

and interspecies scattering length a12. Meanwhile, the above-
mentioned breathing structures can undergo quasi-transition
processes through appropriate choices of Ni and a12. Addi-
tionally, the collision of two identical special breathing struc-
tures also can bring more abundant breathing dynamics. The
results show that two SS or DS structures of the same type
can maintain their stability after collision, while the collision
of two identical MS structures at different velocities can either
extend or shorten their lifetime τ . Our findings indicate sig-
nificant differences from the single-component dipolar BECs,
thereby enriching the collision dynamics of matter-wave soli-
tons. Furthermore, Our results provide a reference for the
study of soliton interactions and deepen the understanding of

soliton properties in a binary dipolar BECs.
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ear phenomena in Bose–Einstein condensates: theory and experiment
(Berlin: Springer)

[20] Koch T, Lahaye T, Metz J, et al. 2008 Nat. Phys. 4 218
[21] Lahaye T, Metz J, Froehlich B, et al. 2008 Phys. Rev. Lett. 101 080401
[22] Lahaye T, Menotti C, Santos L, et al. 2009 Rep. Prog. Phys. 72 126401
[23] Baizakov B B, Al-Marzoug S M and Bahlouli H 2015 Phys. Rev. A 92

033605
[24] Turmanov B K, Baizakov B B, Umarov B A, et al. 2015 Phys. Lett. A

379 1828
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