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Reflection and transmission are two behaviors of wave propagating to an interface. The immiscible binary mixtures
of Bose–Einstein condensates can form the symmetry-breaking state, in which the domain wall on the center can serve as
the interface. In this study, we explore in detail the propagation of a dark soliton interacting with the domain wall in the
harmonic trap. We find that the low-energy dark soliton is easy to form the transmission and the high-energy dark soliton
trends to reflect from the domain wall. Both reflection and transmission of dark soliton on the domain wall induce the
sound radiation. But the sound radiation in the reflection derives from the collective oscillation of condensates, and it in the
transmission comes not only from the collective oscillation, but also from the condensate filling in the dark soliton.
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1. Introduction
Transmission refers to the part of the wave that can con-

tinue to propagate through the interface when the wave prop-
agates to the interface between two media. Usually, when the
wave encounters an interface, part of it is reflected back from
the interface, and the remaining part goes through it into an-
other medium. What happens when the system is a super-
fluid medium and a dark soliton propagates, and the inter-
face is a domain wall composed of two incompatible super-
fluid media? Dark soliton, as a fundamental excitation in the
repulsive atomic Bose–Einstein condensate (BEC), has been
studied extensively and attracted more and more attention.[1–8]

Dark soliton is a localized one-dimensional (1D) defect char-
acterized by a notch in the ambient condensate density. As is
well known, dark soliton, accompanied by a phase jump, re-
sults from a balance between the defocusing dispersion and
the focusing repulsive nonlinear interaction. Thus, dark soli-
ton can preserve its localized shape during propagation and
display particle-like characters.[9–12]

Almost all investigations about dark soliton concentrate
on the single-component BEC. Experimentally, the dark soli-
ton has been generated in diluted BEC by the phase-imprinting
method[1,2] and the perturbation of density.[5] In the phase-
imprinting method, part of the BEC is irradiated by a far de-
tuned laser for a short time, which results in the phase shift
without sensitive density fluctuation. In this experiment, not
only one dark soliton but also some sound waves are created.
After that, due to the inherent instability and the transversal

excitation, the dark soliton has been observed to degenerate
into vortex rings. In theory, the BEC formed by diluted atoms
can be described by Gross–Pitaevskii (GP) equation, which
is a typical nonlinear system. When the external potential is
zero, the GP equation supports the solution of the dark soliton
in one dimension. This is the reason that a large number of
previous studies of dark solitons prefer to consider the system
of GP equation. Meanwhile, the studies about dark solitons
mainly focus on some new solutions and the exploration of the
instability. In 2001, Öhberg and Santos extended the investi-
gation of dark soliton on single-component BECs to the two-
component case.[13] They have considered two scenarios: the
miscible components and the immiscible case. For miscible
components, they analyzed the creation of solitons in differ-
ent components via phase-imprinting, and the soliton–soliton
interaction in different situations, which include the formation
of a soliton–soliton binary system and free single solitons ac-
companied by a filling of the other component. For immiscible
components, they showed that a dark soliton can be transferred
from one component to another at the domain wall when ex-
ceeding a critical velocity.

In fact, binary mixtures of BECs possess complex spa-
tial structures.[14–21] To determine the density profile, Ho
and Shenoy have first presented a simple algorithm within
the Thomas–Fermi (TF) approximation.[14] More accurately,
Hartree–Fock theory is provided to achieve the rich spatial
structures.[15–17] In general, the interspecies interaction coef-
ficient g12 plays an important role in determining the structure
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of ground state. When the inequality g12 ≤
√

g1g2 is satis-
fied, the two BECs are miscible; and when g12 >

√
g1g2, the

trapped BECs are immiscible due to the strong interspecies
repulsion. Furthermore, the spatial patterns of the immisci-
ble mixtures have two basic configurations: the symmetry-
breaking state (SBS) and the symmetry-preserving state (SPS).
And one of the configurations can be viewed as the metastable
state.[22–24] In Ref. [13], Öhberg and Santos have used a box
trap where the BECs form the SPS, which display the dark
soliton propagation from one component to another.

In this study, we choose the SBS configuration as a plat-
form to demonstrate the propagation of dark soliton. The sep-
arated BECs are confined in a harmonic trap and the dark soli-
ton is initially created off-centre. In this situation, the do-
main wall will be located near the center of the trap. When
the soliton is far from the domain wall, it will act as a single-
component BEC.[25,26] Hence, the soliton accelerates towards
the trap center, and it gains a big velocity to pass through the
domain wall. These are the main differences from the model
in Ref. [13]. Furthermore, we will examine in detail the evo-
lution of the soliton energy and the soliton depth. Especially,
we find the soliton carries some atoms of the other component
into the BEC as they pass through the domain wall. This leads
the the soliton to dissipate eventually.

2. Model and basic equations
One would consider the binary mixtures in a three-

dimensional (3D) trap potential which can be described by

V i
ext(r) =

1
2

miω
2
i x2 +

1
2

miω
2
i⊥(y

2 + z2), i = 1,2, (1)

where mi is the atomic mass, and ωi and ωi⊥ are the longi-
tudinal and transverse trapping frequencies, respectively. If
the longitudinal trapping frequency is much smaller than the
transverse trapping frequency, the trapping potential is cigar-
shaped. In addition, ωi does not affect the transverse com-
ponent of the wave functions when the two-body interaction
energy is much smaller than }ω⊥. These features allow us to
investigate the propagation of soliton in the 1D space.

For sufficiently low temperatures, the system can
be described by the two coupled Gross–Pitaevskii (GP)
equations[13–21]

i}
∂

∂ t
ψ1(x, t) =

(
− }2∇2

2m1
+V 1

ext(x, t)+g1 |ψ1(x, t)|2

+g12 |ψ2(x, t)|2
)

ψ1(x, t), (2a)

i}
∂

∂ t
ψ2(x, t) =

(
− }2∇2

2m2
+V 2

ext(x, t)+g12 |ψ1(x, t)|2

+g2 |ψ2(x, t)|2
)

ψ2(x, t). (2b)

Here, ψ1 and ψ2 denote the macroscopic wave functions of
the two BECs respectively. The intraspecies interaction co-
efficients are g1 = 4π}2a1/m1 and g2 = 4π}2a2/m2, where
a1 and a2 are the scattering length of the species 1 and the
species 2 respectively; and the interspecies interaction coef-
ficient is g12 = 2π}2a12/[m1m2/(m1 +m2)], where a12 is the
scattering length between species 1 and species 2. In addition,
each wave function is normalized by the number of particles
Ni as

∫
dx |ψi(x)|2 = Ni.

Because the two components construct the SBS, we can
set a dark solution only to be in one of the BECs (see the
scheme of our model in Fig. 1). Usually, dark soliton solu-
tions are supported by the 1D single-component GP equation
in the absence of external confinement.[12,27] Here, we assume
that the dark soliton is in BEC 1. Therefore, the dark soli-
ton with speed v, position (x− vt) and a uniform background
density n1 has the form,

ψ1(x, t) =
√

n1

{
i
v
c
+β tanh[β

(x− vt)
ξ

]

}
e(µ1t/i}), (3)

where β =
√

1− v2/c2, µ1 = g1n1 = m1c2 is the chemical po-
tential, c =

√
µ1/m1 is the Bogoliubov speed of sound, and

ξ = }/√µ1m1 is the healing length characterizing the size of
the soliton.

In numerical experiments, the soliton energy can be cal-
culated by integrating the two coupled GP energy functions

ε[ψ1,ψ2] = ∑
i=1,2

(
}2

2mi

∣∣∣∣∂ψi

∂x

∣∣∣∣2 + 1
2

miω
2
i x2 |ψi|2 +

1
2

gi |ψi|4
)

+g12 |ψ1|2 |ψ2|2 (4)

across the soliton region (X±5ξ , where X is the instantaneous
position of the local density minimum) and subtracting the cor-
responding contribution of the background fluids.

3. Initial condition

Because there are two different components in our model,
the initial profile cannot be easily obtained in the TF approx-
imation. Thus, we have to firstly obtain a stable SBS config-
uration. It can be achieved by mixing two initially separated
BECs into one trap.[24] In Ref. [24], we have confirmed that
the direct mixture process will firstly form the SBS. There-
fore, we use the mixture model in Ref. [24] with the external
potential V i

ext(x, t) = miω
2
i x2/2+δ (x), i = 1,2. Unloading the

splitting potential δ (x), and propagating the corresponding TF
wave function in imaginary time, we can obtain the smoothed
density profile n1(x) and n2(x) which are relatively stable in
the harmonic trap (see Fig. 1).
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Fig. 1. Initial condensate densities in harmonic trap (not shown) with
a stationary soliton being located at x0 = −30ξ , length unit being
ξ = }/√µ1m1. Corresponding unit in the following pictures is the
same as in this picture. When dark solitons are not considered, den-
sity distribution of two BECs (short as BEC 1 and BEC 2) comes from
imaginary-time propagation.

For simplicity, we assume that the confining potentials
for the two components are equal, i.e., V 1

ext(x) =V 2
ext(x). Here,

we set ω1 = ω2 = ω =
√

2
100 (c/ξ ) for the external potentials.

Meanwhile, the interaction coefficients are g1 = 1, g2 = 0.8g1,
and g12 = 1.2g1. We use } = 1 and the atomic mass m1 =

m2 = m = 1. In this situation, the spatial extent of the sys-
tem is characterized by the healing length ξ = }/√µ1m1, and
the time unit is ξ/c. Note that we choose µ1 = 1 and obtain

µ2 = 0.8618µ1 by calculation to satisfy N1 = N2.
We now estimate the parameters for a realistic experi-

ment. We assume that BEC 1 is formed by 23Na with m =

38.18× 10−27 kg and a = 2.8 nm.[28,29] The tight transverse
confining frequency is ω⊥ = 5000× 2π Hz and the 1D peak
condensate density is n1D = 108 m−1. Thus, the longitudinal
confining frequency is 39.7×2π Hz. Our space and time units
correspond to 0.4 µm and 5.7×10−5 s respectively. The two
BECs have the same number of atoms N1 ≈ N2 ≈ 2.6×104.

4. Results
4.1. Reflection oscillations of dark solitons interacting with

domain wall

Usually, the dark soliton deviating from the position of
the lowest potential energy will oscillate in the harmonic po-
tential well. It behaviors like the oscillating motion of a
small ball away from the equilibrium position in the harmonic
trap. Here, there is a domain wall formed by the two phase-
separated BECs near the the position of the lowest potential
energy the trap, and the dark soliton will inevitably encounter
and interact with the domain wall in its motion.
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Fig. 2. Reflection oscillations of dark solitons interacting with domain wall, where initial position of dark soliton is set to be at −6.1ξ . (a)
Density of condensate 1, (b) density of condensate 2, (c) density of whole condensates, and (d) sound radiation of condensate.

When the initial size of the dark soliton is not particularly

large to deviate from the domain wall, the speed of the dark

soliton is very small when it reaches the domain wall. This

inevitably leads to the fact that although it can interact with

the domain wall, it cannot reach the BEC 2 by passing the do-

main wall. Figure 2 shows this situation, where we initially set

the dark solitons to be at the position of −6.1ξ . Figure 2(a)

is the density of the BEC 1, in which dark solitons oscillate
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slightly. Meanwhile, in the process of dark soliton oscilla-
tion, BEC 1 keeps its original shape basically unchanged. Fig-
ure 2(b) shows the density of the BEC 2, which is not affected
by the dark solitons. Figure 2(c) displays the total density of
the BECs. Figure 2(d) presents the result from which we have
removed the background of the BEC. Here, we can clearly find
the sound radiation in both the BEC 1 and BEC 2.

It is not surprising to obtain the sound radiation in BEC 1
because the dark soliton would oscillate in it. However, dark
solitons do not propagate in the BEC 2. Why can the sound
radiation appear in the BEC 2?
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(c) BEC 1

BEC 2

Fig. 3. Properties of reflection oscillation of dark solitons interacting
with domain wall. (a) Oscillation route of dark soliton, (b) energy of
dark soliton, and (c) oscillation of two-component condensate.

Figure 3(a) shows the oscillation trajectories of the dark
solitons. It can be seen that the dark soliton only oscillates be-
low the x axis. In fact, this kind of oscillation is different from
the normal one where the dark soliton moves back and forth
from positive coordinate to negative coordinate. At the same
time, the oscillation is also similar to the sinusoidal trajec-
tory. Figure 3(b) shows the variation of the energy of the dark
soliton. The interaction between dark soliton and sound wave
makes its energy change slightly and periodically. Figure 3(c)
shows the oscillation of the two phase-separated BECs. The
blue curve shows the oscillation of BEC 1, which has a trans-
lation of 73.6ξ . Since the dark soliton moves in BEC 1, it is
easy to understand the centroid oscillation of BEC 1, which is

always opposite to the dark soliton’s oscillation. We can also
see that the centroid oscillation of BEC 2. Meanwhile, the
centroid oscillation of the two BECs are almost synchronous.

Now, we can explain why there is sound radiation in
BEC 2. The dark soliton oscillates in the BEC 1, leading to
the centroid oscillation of the BEC 1. At the same time, the
centroid oscillation of the BEC 1 also induces the correspond-
ing centroid oscillation of BEC 2. During this oscillation, the
density modulation of BEC 2 makes the sound radiation occur
in the harmonic trap.

4.2. Transmission propagation of dark solitons through
domain wall

When the initial position of the dark soliton is far from
the domain wall, it can move very fast when it reaches the do-
main wall. At this time, we can see the phenomenon that the
dark soliton passes through the domain wall and interacts with
it. Here, we set the dark soliton of the initial velocity to be 0
at −30. Figure 4 shows the long-time oscillation behaviors.
Figure 4(a) is the density of BEC 1, in which dark solitons
oscillate with big amplitude. Obviously, dark soliton trans-
mits into BEC 2 [see Fig. 4(b)] and oscillates back and forth
in both BECs. After several cycles of oscillation, we can also
see some white trajectories of dark soliton in BEC 1 within the
region of X > 0. At X < 0, the trajectories of dark soliton also
appear in BEC 2. In Fig. 4(c), we can see the total trajectory
of dark solitons and the shift of the domain wall near the trap
center. Since dark soliton oscillates in both BECs, in Fig. 4(d)
the sound radiation is obvious in both BECs after removing
the background of the BECs.

Figure 5(a) shows the trajectory of dark soliton in the two
BECs. The amplitude of oscillation is not particularly fixed.
Figure 5(b) shows the variation of the dark soliton energy.
There are many platforms with varying heights and some sag-
ging lines. In fact, the platform corresponds to the energy of
the dark soliton when it is completely in one BEC, and the
sagging line is the result when the dark soliton passes through
the domain wall. Figure 5(c) shows the variation of dark soli-
ton depth. There are also many platforms and some sagging
lines in these results. The platform corresponds to the depth
when the dark soliton is completely in a certain BEC, and the
sagging lines are the result of the depth of the dark soliton
when it passes through the domain wall. Figure 5(d) is the
centroid oscillation of the two BECs. The red curve is the re-
sult of BEC 1 (Note that we obtain the results by a translation
of 73.6ξ for comparing with those of BEC 2). Both BEC1
and BEC 2 oscillate as the dark soliton moves in them. Mean-
while, the collective oscillations of the two BECs are basically
synchronous.
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Fig. 4. Transmission oscillation of dark soliton interacting with domain wall, where initial position of the dark soliton is set to be at −30ξ and
the initial velocity of the dark soliton is set to be 0. (a) Density of BEC 1, (b) density of BEC 2, (c) density of the whole condensates, and (d)
sound radiation of condensates.

0 2000 4000 6000 8000
-50

0

50

x

Time

(a)

0.6

0.8

1.0

E
n
e
rg

y

(b)

0

0.5

1.0

D
e
p
th

(c)

34

36

38

<x
>

 

 

(d)

BEC 1
BEC 2

0 2000 4000 6000 8000

Time

0 2000 4000 6000 8000

Time

0 2000 4000 6000 8000

Time

Fig. 5. Properties of transmission oscillations of dark solitons inter-
acting with domain wall. (a) Oscillation trajectory of dark soliton, (b)
energy of dark soliton, (c) depth of dark soliton, and (d) oscillation of
two-component condensate.

Figure 6 shows the enlarged plots about the propagation
of the dark soliton. The dark soliton is initially created off-
center in the trap. From its oscillating trajectory, we can see
that the dark soliton in this system can display particle-like
characters, just like those in the single-component BEC. Fur-
thermore, the domain wall is not fixed. When the soliton first
passes through the domain wall, this position changes sud-
denly, bounding from 1.7ξ to −0.4ξ . It is just the so-called
back-action in Ref. [13]. Certainly, the BECs oscillate due to
the motion of the soliton. This causes the domain wall to shift
slightly.
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Fig. 6. Propagation of dark soliton in two immiscible BECs. The initial po-
sition of the soliton is at x0 = −30ξ and the initial speed is zero. Time unit
is ξ/c. Corresponding unit in the following figures is the same as in this
picture.

To fully display the evolution of dark soliton, we also
examine the soliton velocity [Fig. 7(a)], the soliton depth
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[Fig. 7(b)] and the soliton energy [Fig. 7(c)]. Initially, the
soliton experiences a force: the force accelerates the soliton
towards the trap centre. Its velocity becomes complex as the
soliton encounters the domain wall. After it passes through the
domain wall, the soliton enters into the BEC 2 and becomes
decelerated until its moving direction changes [see Fig. 7(a)].
And then, soliton returns from BEC 2. Therefore, the dark
soliton is expected to oscillate back and forth in the trap.
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Fig. 7. (a) Velocity of soliton versus time, (b) depth of soliton versus
time, and (c) soliton energy versus time. Initial position of the soliton is
at x0 =−30ξ and initial speed of the soliton is zero. Energy is in units
of µ1. Corresponding unit in the following figures is the same as in this
figure.

In fact, the depth of the soliton density depression stays
constant when the soliton is singly embedded in BEC 1 or
BEC 2 (see Fig. 7(b)). Note that the soliton depth is the dif-
ference between the corresponding background BECs and the
local density is a minimum value. Especially, the intraspecies
interaction strength of BEC 2 is less than that of BEC 1.
Hence, the peak density of the BEC 2 is bigger than that of
the BEC 1. Accordingly, the soliton in BEC 2 produces a
bigger depth [see Fig. 7(b)]. Similarly, the soliton energy is
roughly conserved when it is completely in BEC 1 or BEC 2.
The difference between values about soliton energy in the
two components results from the different intraspecies inter-
action strength. Clearly, the intraspecies interaction strength
of BEC 2 is smaller than that of BEC 1. Therefore, the soliton
energy is smaller to that of in BEC 2.

Generally speaking, the change of soliton is unusual when
it encounters the domain wall. Note the trapped BECs are in-
homogeneous, so the initial soliton becomes asymmetrically
deformed and tries to adjust to the inhomogeneous background
by radiating counter propagating sound pulses.[30] Thus, the

soliton energy decreases weakly in BEC 1 at first. Here, the
value seems to be conserved [see Fig. 7(c)]. When soliton ap-
proaches to the domain wall (t = 150ξ/c), the soliton energy
increases because the addition of the strong interspecies inter-
action. When the soliton is located in the domain wall region,
the soliton depth suddenly decreases to a minimum value due
to the strong interspecies interaction. Accordingly, the soli-
ton energy decreases to a minimum value. Until the soliton
transmits into the BEC 2, its energy attempts to revert to a
new level and tends to be conserved. The behaviors of soliton
transferring from BEC 2 into BEC 1 are similar. Furthermore,
the soliton depth has a small decrease instead of regaining the
initial value as the soliton returns to BEC 1 [see Fig. 7(b)].

Now, we further focus on the detailed process that the
soliton propagates from BEC 1 into BEC 2 (Fig. 8). In
Ref. [13], Öhberg and Santos have shown that a dark soliton
can be transferred from one component to another at the do-
main wall when it exceeds a critical velocity. In our model, the
domain wall is located near the origin. The soliton velocity is
almost the maximum value at this position. So it easily passes
through the domain wall. A very interesting point is that the
dark soliton can carry some atoms of BEC 1 into BEC 2 [see
Figs. 8(e) and 8(f)]. Similarly, as the soliton propagates from
BEC 2 into BEC 1, it carries some atoms of BEC 2 into BEC 1.
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Fig. 8. Soliton propagation from BEC 1 (black line) into BEC 2 (red
line) at t = 100ξ/c (a), 150ξ/c (b), 180ξ/c (c), 250ξ/c (d); (e) en-
larged figure of panels (c), (f) enlarged figure of panel (d).

For the soliton in single-component BEC trapped in har-
monic potential, the oscillation behavior is robust if the sys-
tem is ideal. If there is perturbation such as optical lattices,[31]

damping,[32] and finite temperature,[33,34] the oscillation am-
plitude tends to increase regularly as the soliton energy de-
creases. Meanwhile, the soliton depth decreases until the soli-
ton disappears. Therefore, the oscillation behavior is strange
(see Figs. 4 and 5). The oscillation amplitude does not increase
regularly. Reversely, we can see that the amplitude of soliton

116701-6



Chin. Phys. B Vol. 28, No. 11 (2019) 116701

oscillation is not stable and the oscillation period tends to in-
crease (see Fig. 5). Certainly, when the soliton becomes weak
enough, it is unable to pass through the domain wall. The dark
soliton disappears eventually. Therefore, the SBS configura-
tion is not an ideal system for soliton oscillation, although we
do not add any dissipation.

In the above text, we have revealed in detail the propa-
gation of soliton from one BEC into the other. Now, we can
explain the soliton behaviors in the long time evolution. In
Figs. 8(e) and 8(f), we note that the soliton carries some atoms
of the other components into the embedded BEC. This is a key
point for causing the above phenomena to happen. Figure 5(b)
indicates that the soliton energy tends to decrease in the long
time evolution. Figure 5(c) shows that the corresponding soli-
ton depth tends to decrease. The soliton carries more and more
atoms of BEC 1 (2) into BEC 2 (1). Undoubtedly, the added
atoms will perturb the soliton and the soliton cannot function
normally. Because the soliton carries more and more atoms
of the other components, the soliton depth tends to decrease.
Meanwhile, we can imagine that the added atoms would cause
the soliton to move difficultly. Hence, the oscillation ampli-
tude of soliton does not approach to the edge of the trap regu-
larly as the soliton energy tends to decrease.

We have taken the interaction coefficients g1 = 1, g2 =

0.8g1, and g12 = 1.2g1 for example. We study the propaga-

tion of soliton in two immiscible BECs, which form the SBS
configuration. Unlike the scenario in Ref. [13], our investiga-
tion concentrates on the change of soliton energy and soliton
depth. Especially for the soliton energy, this work first indi-
cates its evolution in the binary mixture. In fact, the propaga-
tion properties of dark soliton are also dependent on other fac-
tors such as the trapping potential, the atom number of the two
components, the interspecies interaction and the intraspecies
interaction. If the interspecies interaction is large enough, the
soliton would be very hard to transfer from one component to
another. If the two BECs have different numbers of atoms, the
two BECs will form an extremely asymmetric structure. Even
the domain wall is far from the trap center, it will be difficult
for the soliton to reach and pass through.

4.3. Critical transmission of dark solitons interacting with
domain wall

In the above study, we gave two kinds of interactions be-
tween dark soliton and the domain wall. One is the reflection
and the other is the transmission. It is also very easy to realize
a critical case of transmission for the dark soliton interacting
with the domain wall. Now, there come some problems. When
will it occur? Where should the initial position of the static
dark soliton be set to be? What happens in this situation?
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Fig. 9. Critical transmission of dark solitons interacting with domain wall, where initial position of dark soliton is set to be at −6.2ξ . (a)
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In our simulation, we find that the transmission of dark
solitons cannot occur at 6.1ξ . When the initial position of
dark solitons is 6.2ξ , we find the critical transmission will oc-
cur. Figure 9 shows the result of critical transmission. Like
Figs. 2 and 4, figures 9(a) and 9(b) show the density evolution
of BEC 1 and BEC 2, respectively. The density of the whole
BECs is shown in Fig. 9(c). And figure 9(d) shows the sound
radiation from which we have removed the background BECs.
In fact, we can easily find that the trajectories of dark soli-
tons in the two BECs are different. In Fig. 9(a), the oscillation
amplitude of dark solitons is smaller than that in Fig. 9(b).

Figure 10(a) shows the trajectory of the dark soliton. The
oscillation amplitude of dark soliton in BEC 1 is about 6.2ξ

but in BEC 2 the oscillation amplitude is close to 20ξ . Fig-
ure 10(a) clearly shows the difference in oscillation amplitude.
The energy of dark solitons in different BECs will change
abruptly. Obviously, when oscillation amplitude of the dark
soliton is larger, its energy is lower (see Fig. 10(b)). On the
contrary, the oscillation amplitude is smaller and the energy
is larger. Even if it moves into the two different BECs, the
inverse relationship between energy and oscillation amplitude
is obvious. Figure 10(c) shows the changes of the centroid
position of the two BECs.
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Fig. 10. Properties of critical transmission of dark soliton interacting
with domain wall: (a) oscillation route of dark soliton, (b) energy of
dark soliton, and (c) oscillation of the two-component condensates.

Snake instability is a dynamical behavior of dark soli-
tons to decay into vortices in quasi-one-dimensional (quasi-
1D), 3D and some real systems.[35–37] Firstly, the solution of
dark soliton in GP equation for BEC usually suits the homo-
geneous system,[30,32] that is, there is no external potential and
the density of the BEC is uniform everywhere. Only in this sit-
uation there is the exact mathematical solution of dark soliton.

But, the real system is very difficult to achieve this condition.
In addition, the exact solution of the dark soliton would be
used as the initial condition when simulating the dark soliton
in the quasi-1D, 3D, and some real systems. At this time, the
dark soliton behaves no longer in the ideal 1D homogeneous
BEC.[38,39] Now we take the quasi-1D BEC for example. The
dark soliton has initially a straight snake-shape perpendicular
to the flat (quasi-1D) condensate. The quasi-1D dark soliton is
unstable, so the straight snake-shape is twisted snake-shaped.
Finally, the twisted snake-shaped dark soliton would decay
into vortices. This is how the snake instability occurs in the
evolution of dark soliton. In this work, we consider the 1D
BEC rather than the quasi-1D BEC, so the snake instability
does not occur in the present study.[38,39]

5. Conclusions
In this study, we investigated the propagation of dark soli-

ton in two immiscible BECs, which form the SBS configura-
tion in the harmonic trap. The soliton is initially off-center
and accelerated to the trap center. When the static dark soli-
ton is initially located below some critical position, it reflects
from the domain wall and periodically oscillates only in one
component of the BEC. But the sound rediation would occur
in both condensates due to the collective oscillation. When
the dark soliton is located above the critical position, it passes
through the domain wall to oscillate between the two conden-
sates. We find that the dark soliton can carry some atoms of
the other component. This gives rise to the sound radiation
and the decrease of the solion depth and the loss of the soliton
energy.
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