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Three-dimensional Bose—Einstein condensate vortex solitons
under optical lattice and harmonic confinements”
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We predict three-dimensional vortex solitons in a Bose—Einstein condensate under a complex potential, which is the
combination of a two-dimensional parabolic trap along the transverse radial direction and a one-dimensional optical-lattice
potential along the z axis direction. The vortex solitons are built in the form of a layer-chain structure made of several
fundamental vortices along the optical-lattice direction. This has not been reported before in the three-dimensional Bose—
Einstein condensate. By using a combination of the energy density functional method with direct numerical simulation,
we find three-dimensional vortex solitons with topological charges ¥ = 1, ¥ = 2, and ¥ = 3. Moreover, the macroscopic
quantum tunneling and chirp phenomena of the vortex solitons are shown in the evolution. Therein, the occurrence of
macroscopic quantum tunneling provides the possibility for the experimental realization of quantum tunneling. Specifically,
we successfully manipulate the vortex solitons along the optical lattice direction. The stability limits for dragging the vortex

solitons from an initial fixed position to a prescribed location are further pursued.
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1. Introduction

In a one-dimensional (1D) trap, the localization and
related topics of the Bose—Einstein condensate (BEC)
have aroused numerous studies, both theoretically!!! and
experimentally.>?) However, it has been challenging to in-
vestigate the dynamical patterns of three-dimensional matter-
waves in the BEC. Although the creation of stable two-
dimensional (2D) and three-dimensional (3D) solitons has be-
come feasible in theory through numerous routes, the tran-
sient of BECs leads to the collapse of matter-waves in three-
dimensional settings. It has been demonstrated that an optical
lattice (OL) added to the Gross—Pitaevskii (GP) equation can
successfully support BECs.*l As we know, an OL is gener-
ated from the superposition of two counter-propagating laser
beams with the same wavelength.’! We also know that a BEC
matter-wave can be stabilized by a quasi-1D*! or quasi-2D!®"]
OL in the 2D or 3D space. However, only the 1D lattice trap
cannot sustain a 3D matter-wave, except with an additional
ingredient such as nonlinear management.®! For this reason,
BECs confined in a combined potential, which is made of
an optical lattice and a harmonic trap, were discussed.l®~!?!
In situations with both attractive and repulsive nonlinearities,
Nikolaos et al. systematically investigated the properties of
lattice solitons,®! and the evolution of a BEC soliton in an
optical lattice and a harmonic trap was studied.''”) Recently,
the dynamics of matter-wave solitons in harmonic traps with
flashing optical lattices has also been studied analytically and
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(111 The motion of the solitary wave that is trapped

numerically.
in a potential consisting of linear magnetic and time-dependent
laser fields is then manipulated by controlling the strengths of
the fields.!?!

Here, we consider 3D BEC vortex solitons in a com-
bined potential that consists of a 2D parabolic trap and a 1D
OL confinement. Owing to the cylindrically symmetric struc-
ture and the oblate shape in the local external potential, we
consider the linear superposition of several fundamental vor-
tices. The vortex solitons are set to the layer-chain struc-
tures made up of several fundamental vortices along the OL
direction. What is more, and distinct from the 3D harmonic
traps in the other combined potentials (see Refs. [9] and [10]),
the 2D parabolic trap is convenient for the manipulation of
the 3D vortex solitons in the unconfined direction. For the
BEC vortex solitons trapped in a harmonic confinement or in a
2D axially symmetric harmonic confinement, solitary vortices
and the corresponding higher-order radial states were found
in both the attractive and the repulsive nonlinearities.!'3] And
in the 3D parabolic trap, stable 3D spatially modulated vor-
tex solitons were found in BECs.!'* For the BEC vortex soli-
tons trapped in an OL, the OL restrains the splitting insta-
bility of the vortex solitons, even with a higher-order topo-

e 15161 Yaroslav et al. found stable ring-profile

logical charg
vortex solitons, which are rare in nature.['® Stable 2D vor-
tices with a topological charge ¥ = 1 were found in a cellular
potential.l'”! With the laser-induced lattice technique in pho-

torefractive crystals, two-dimensional discrete vortices have
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also been generated in photonic lattices.!'8! Furthermore, it
was found that three-dimensional novel classes of spatially lo-
calized vortex structures are supported in optical lattices.!'"]
What should also be mentioned is that the stable 3D vortex
solitons were also made up of fundamental solitons and were
built in the form of a rhombus consisting of four fundamental
solitons in quasi-two-dimensional lattices.!”)

In this paper, we predict 3D BEC vortex solitons in the
combined potential mentioned above, and realize the manipu-
lation of the vortex solitons along the OL direction. It provides
a way to establish stable matter-wave vortex solitons in the
3D space and paves a way for the control of 3D BECs. First,
the existence and the dynamics of the 3D BEC vortex solitons
are investigated via combining the energy density functional
method!>*-??! and the directly numerical simulation of the 3D
GP equation. In order to prove the existence of the vortex soli-
tons, we set the fundamental vortex at the valleys of the joint
external potential. Since the BEC vortex solitons yield a local
energy density minimum, the initial states of the stable solu-
tions are searched by means of the energy density functional
method. Then, we use the Crank—Nicholson discretization
scheme!?®?# to directly simulate the time-dependent GP equa-
tion to test the stability of the vortex solitons. An important
phenomenon is the chirp, i.e., the breathing oscillation of the
vortex solitons over a long period of time, and the result fur-
ther proves the stability of the vortex solitons. Meanwhile, the
phenomenon of macroscopic quantum tunneling also arises.
For macroscopic quantum tunneling, the reversal of the circu-
lation of a vortex by quantum tunneling in a Bose gas trapped
in a harmonic trap is investigated.”>! Cazalilla e al. stud-
ied the competition between vortex unbinding and tunneling
in 2D Bose gases confined in a valley of a 1D optical lattice

1261 In a recent study, it was shown that a vortex can

potentia
tunnel between two pinning potentials, providing the possi-
bility to explore quantum tunneling experimentally,’*”) as can
the macroscopic quantum tunneling observed in the evolution
of vortex solitons. Finally, we manipulate the stable vortex
solitons successfully along the OL direction, and the stability
limits are investigated.

This paper is organized as follows. In Section 2,
we present a brief introduction of the nonlinear 3D time-
dependent GP equation used in the paper, and adopt the energy
density functional method to find the initial stable states. In
Section 3, by using the Crank—Nicolson discretization scheme,
we investigate some important phenomena in the evolution of
vortex solitons. In Section 4, we manipulate the vortex solitons
successfully along the z axis and find the areas to manipulate
the vortex solitons. In addition, the factors that affect the pos-
sibility to manipulate the BECs are analyzed. In Section 5, we

conclude the paper.

2. Model and energy density functional

The evolution of a BEC wave function can be described

by the GP equation?%2°]

at an extremely low temperature with
a weak interaction. In the 3D case, the GP equation of a BEC
matter-wavel*?! is given in the following form:

., d¥(r,1)

2
in — |- w4y e, o

ot 2m

where ¥(r,1) is the time-dependent BEC wave function, the
nonlinear coefficient g = 47mash? /m represents the interaction
intensity between the BEC gases, m is the atomic mass, and
as is the scattering length of the s-wave. The BEC is trapped
in a combined external potential V(r), consisting of an OL
along the z axis and a harmonic confinement along the trans-
verse radial direction. Additionally, the corresponding sta-
tionary solution &(r) is obtained by substituting ¥ (r,t) =
@(r)exp(—iut/h) into Eq. (1). The corresponding energy
density functional is

2
B@(r) = [ @] 1 VPVl

L @
The normalization condition is [ d37|¥(r,t)|> = N. Under the
limit condition of almost zero temperature, N is the total atom
number contained in the BEC.

In Eq. (1), we adopt the OL potential in the z direction as
Vi, (z) =Vocos?(K(z—21)) (€=1,2. Andwhenl=1,7=7;
when £ =2, 7y = 7+ n/2K). Hence, the external potential has
the following form:
_m
2
Here, the OL strength is Vj in units of recoil energy Eg =
27%h? /(mA?). The wave number and the wavelength of the
OL are K =2n/A and A, respectively, 7 is the reduced Planck
constant. Moreover, p = \/x2+y? is the radial radius. The
important parameter Z is a function used to adjust the phase of
the OL.

The axially symmetric trap makes it possible to create
vortices in the BEC (see Ref. [31]). On these grounds, we
consider a fundamental vortex that rotates around the z axis.

Vi(r) (xz—i—yz)—&—Vocosz[K(z—z'g)]. 3)

As a result, the stationary BEC wave function @(r) can be
expressed as

D(r) = p(r)exp(is), @

where |y/(r)|? is the atom number density of the BEC, phase
s = x¢ is the velocity potential, i.e., v = (i/m)Vs, ¢ is the
rotational angle around the z axis, and ¥ is the topological
charge of the wave function. So the tangential velocity is
v, = hy/mp. Since the GP equation was initially used to in-
vestigate the vortex in a Boson system with weak interaction,

we replace the wave function &(r) in Eq. (2) with Eq. (4) and
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introduce a centrifugal term. In addition, we take the dimen-
sionless form in units of the radial resonance feature length
a, = \/M and the resonant characteristics energy 7@,
(r—rj/a,, e — E(P(r))/(Nho,), the corresponding radial
oscillator frequency is ) ). The corresponding wave function
is y(r) = /a3 /Ny(r), which is normalized in the new co-
ordinate system. The dimensionless parameter ¥ = Nag/a, is
important to characterize the interatomic interactions. There-
fore, the GP energy density functionals of the BEC wave func-
tions in external potentials V() (¢ = 1,2) have the following
form:

& = %/d%{wy/(r)ﬁ+{x2p*2+p2+vo
x cos’[K(z—2)}w(r) > +4mry(r)[*}. (5

Expression % [ d3rx?p~2|y(r)|? represents a centrifugal term
and indicates the centrifuge field potential.

To find the stationary solutions of the vortex solitons, we
try a fundamental vortex, which has been investigated (see

Refs. [32] and [33]), in the following form:
x+iy\* 1/ p\*
D =A —=| -
o(r) ( ki ) exp[ 2<7&
1/z+za\*%
—= 6
(5 | ©
where parameter A is a normalization constant

VOO
A= ;
2k, \/mb IT2(1+x) /o JT(1/ ;)

z) is a constant, and T'(€) = [u'exp(—u)du (Re&é > 0)
is the gamma function. Moreover, the density of the funda-

mental vortex generated in the transverse section is zero along
the z axis. From the analysis above (cylindrically symmetric
structure and oblate shape in the local of the external poten-
tial) and for the linear superposition, we adopt stationary two-
vortex solitons (TWVSs) and stationary three-vortex solitons
(TRVSs) in the following forms:

Dy (r) = Po(x,y,2+21) + Po(x,y,2—21), (7
D3(r) = Py (x,y,2+21) + Po(x,y,2—21) + Po(x,y,2). (8)

The normalization constants in the above systems are changed.
The TWYVSs are trapped in external potential V;(7), and the
TRVSs are trapped in external potential V(7). According to
mathematical calculations, we study the energy density func-
tionals of the vortex solitons. The energy density functionals
of the stationary TWVSs and the stationary TRVSs are

6 — XTQx/o)  xoul[(ow +2%) /0]
P T RTR( ) on] | 2RI+ ) a]
o TR2(0 + ) /0] 1V KI22+x)/ o]
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x {3+6exp [2 2)2] +8exp [; (Z)z]
+12exp {— (Z)T +12exp {—2 <2Z;Z)2]
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The above energy density functionals are polynomial
functions of undetermined dimensionless parameters o, o,
k., and b,. o, features the resonance characteristic length,
in a radial scale, of vortex soliton atoms, o, features the reso-
nance characteristic length, in an axial scale, of vortex soliton
atoms, and k| and b, indicate the changes in radial and ax-
ial scales of vortex soliton atoms caused by the interatomic
interactions, respectively. The scopes of the variable quanti-
ties are discussed in the next section. By analogy, the energy
density functionals of vortex solitons &, (n > 4) can also be
obtained. The particle swarm optimization (PSO) algorithm
can be applied to solve the extremum problem of a multivari-
ate function. Hence we obtain the locally optimal solutions
of the trial functions by using the PSO to search the minima
of the energy density functionals. For the PSO technique, a
theoretical overview of it has been presented.** Naturally, the
PSO technique has been used in some physical applications,
such as in predicting a crystal structure®>! and the parameter

extraction of silicon solar cells.[3°!

3. Dynamic characteristics of vortex solitons

In order to find stable vortex solitons, the undetermined
parameters in the energy density functionals above are sub-
jecttoor; =2, 0,=2,0<k; <2.5,and 0 < b, <1.2. The
sets are acquired through a large number of numerical calcu-
lations with the help of the PSO technique. Firstly, the ini-
tial states of the vortex solitons are searched using the PSO
technique. Next, the Crank—Nicholson discretization scheme
is employed to examine the stability of the vortex solitons.
The precision of the Crank—Nicholson discretization scheme
is confirmed by regulating the space and time steps. The space
and time steps employed here are 0.075 and 0.001, respec-
tively. The parameters (the radial resonance feature length
a; =1.222 x 10~* and the scattering to resonance length ratio
as/a; =433 x 1073) in this paper are taken from Ref. [37].
The nonlinear coefficient g = 4mayh?/m > 0 indicates that
the nonlinear interactions in the GP equations below are self-
repulsive. To our knowledge, a Bose—Einstein condensate with
repulsive interaction was observed in a vapor of rubidium-87
atoms.’8) In this part, we firstly consider the TWVSs. The
wave functions adopt the form presented in Eq. (7). The vor-
tex solitons are trapped in an external potential consisting of

an OL and a harmonic confinement, as shown in Fig. 1. In
the figure, the OL strength is 50, and the wave number of the
OL is 1. As shown from the isosurface and the slice plot of
the trap, we know that the structure of the external potential is
cylindrically symmetric. The fundamental vortex soliton can
be trapped in the external potential firmly because it is just like
a harmonic confinement in the local areas. It also offers a great
chance to create 3D vortex solitons experimentally.
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Fig. 1. (color online) (a) The three-dimensional isosurface of the trap.
The corresponding OL is Vi(z) = Vycos?[K(z — Z)], whose value is
150. (b) Slice plot of the external potential in the midplane y = 0.
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Fig. 2. (color online) Slice plots of a two-vortex soliton in the midplane
y =0 at different times ((a) t =0, (b) t =40, (c) t =60, (d) t = 80). The
parameters of the two-vortex soliton with a topological charge y =3
are N =500, o) =2, o; =2,k =1.0397, and b, = 0.4009. The wave
number of the OL is K = 1, and the OL strength V} is 50.

As shown in Fig. 2, we obtain a stable TWVS under the
confinement with topological charge y = 3. First, we symmet-
rically distribute the two fundamental vortices of the TWVS
on both sides of the z axis. The corresponding position of
the upper fundamental vortex is z; = 7/K = @. A stable ini-
tial state is achieved by applying the energy density functional
method. For the stable initial state, the proper parameters
are searched for by modulating the radial scale alteration k;
and the axial scale alteration b, of the TWVS on the basis
of the Gauss anstaz. When the energy density functional of
the TWVS approaches the minimum, the BEC becomes stable
under the influence of the interatomic interaction, the impact
between the fundamental vortices, the gravity of the TWVS
atoms, and the external potential. Next, we perform a di-
rect numerical simulation of its evolution by using the Crank—
Nicholson discretization scheme in a grid of 256 x 256 x 256
over the boundary from -9.6 to 9.525. From the slice plots at

030315-4



Chin. Phys. B  Vol. 22, No. 3 (2013) 030315

different times, we know that the TWVSs are approximately
unchanged in the evolution. The corresponding phase plots
are shown in Fig. 3. The total evolving duration t = 80 is a
dimensionless constant, which is long enough to demonstrate
the stability of the BEC. Using the same process, we also get
stable TWVSs with ¥ = 1 and y = 2. Thus, the results shown
here present the existence of TWVSs with y =1, ¥ =2, and

x =3.

Fig. 3. (color online) The corresponding phase evolution plots for the two-
vortex soliton shown in Fig. 2 ((a) t =0, (b) t =40, (c) t = 60, (d) t = 80).

0.30

0.22

0 20 40 60 80
t

Fig. 4. (color online) Amplitude evolution plot of a fundamental vortex
|¥(r,¢)| in a two-vortex soliton obtained by direct numerical simula-
tion with topological charge ¥ = 3. The parameters are the same as
those in Fig. 2. The amplitude evolution is over time ¢ = 80.

The amplitude variation of a fundamental vortex of the
TWVS with ¥ =3 is shown in Fig. 4. The fairly stable peri-
odic variation further demonstrates the stability of the TWVS
with an appropriate parameter setting. In the figure, we ob-
serve the double cyclical phenomenon. We discover that the
periods of the TWVS are 71 = 3.3 (the major cycle) and
T, = 0.35 (the minor cycle embedded in the major cycle). The
major cycle is generated by the local parabolical trap, and the
minor cycle is generated by the periodicity of the OL. More-
over, we observe that the pulse width of the TWVS transforms
in the period from Fig. 5. In fact, we find that the ampli-
tude and the pulse width of the TWVS change together. As
a result, the behavior of the TWVS is space localized and pe-
riodic in time, i.e., the breathing vortex solitons. The prod-
uct of amplitudes and pulse widths in the radial direction at
different times is an approximately unchanged value, which

is the chirp phenomenon.*”-31 The chirp of a 2D dispersion-
managed soliton was successfully obtained and could be used
to describe the long time evolution of the soliton.**! In addi-
tion, the dynamics of the breathing and the quasibreathing soli-
tons were discussed in two-component Bose—Einstein conden-
sates with time- and space-modulated nonlinearities.[*?] Here,
the chirp phenomenon of the TWVS observed in the long-time
evolution also presents the dynamics of the breathing TWVS.
It is worth noting that the chirp causes quadratic phase changes
and then leads to the variations in the phase evolution plots in
Figs. 3 and 8.

0.3| (a b
(a) a<ct=16 0.3) (b) t =80
_ 0.2 t=0 0.2 t=064
s S
=~ 01 = 0.1
0 0
~10 0 10 10 0 10
X X

Fig. 5. (color online) Amplitude and pulse width distributions of the
two-vortex soliton at (a) t =0, t = 16 and (b) at t = 64, t = 80. The
parameters are the same as those in Fig. 2.
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0
0.20 0.20
0.15 0.15
0.10 0.10
0.05 0.05

d)  2pes
T

v 073~ 4O$
Fig. 6. (color online) The tunneling phenomenon of a two-vortex soliton
with topological charge y =3 for N =500, o, =2, o, =2, x; = 1.0408,
and b, = 0.3887. The wave number of the OL is K = 1.5, and the OL
strength Vp is 30. (a) The initial state of the tunneling process. The upper
figure is the slice plot in the midplane y = 0 of the two-vortex soliton, and
the lower figure is the amplitude isosurface for the value of 0.01. Panels (b),
(c), and (d) are the plots for t = 40, t = 60, and ¢ = 80, respectively.

Another important phenomenon is the appearance of
macroscopic quantum tunneling!>-27411 As presented in
Fig. 6, the lifetime of the TWVS reduces when the quan-

tum depletion of the TWVS turns up. And this occurs at the
time when the atoms tunnel into another notch. It is worth
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mentioning that the depletion of Bose gases has been investi-
gated in optical lattices of nearest neighbors characterized by
pair tunneling within mean-field theory.*?! The two kinds of
tunneling both occur between nearest-neighbor matter-waves.
Next, we discuss the conditions for the appearance of macro-
scopic quantum tunneling. This is prone to occur when the
OL strength is not strong enough to trap the TWVS tightly.
Because of the OL along the z axis direction, the lattice poten-
tial should be deep enough to make the TWVS hold against
the gravity of the TWVS atoms. We also know that the tun-
neling phenomenon is caused by the co-action of the TWVS
interatomic interaction, the impact between fundamental vor-
tices of the vortex soliton, the gravity of the TWVS atoms,
and the external potential. Because the gravity of the TWVS
atoms is tiny, the circumstances of the TWVS are similar to the
microgravity environment. Thus, we may be able to measure
microgravity by measuring the macroscopic quantum tunnel-
ing of the TWVS.

After discussing the existence and the dynamics of the
TWYVS, we can also testify the stabilities of TRV Ss with topo-
logical charges ¥ = 1, ¥ =2, and } = 3. A stable TRVS with
a topological charge ¥ = 3 is shown in Fig. 7, and the corre-
sponding phase plots are shown in Fig. 8.

0.20
0.15
o6 0.15
0.10
o0 0.10
0O
0.05 0.05
0
0.20
0.15 5 0.15
oo
OO
—5 0.05 —5 0.05
-5 0 5 -5 0 5
X xr

Fig. 7. (color online) Slice plots of a three-vortex soliton in the midplane
y = 0 at different times ((a) r = 0, (b) t =40, (c) t = 60, (d) t = 80). The
parameters of the three-vortex soliton with topological charge ¥ = 3 are
N=500,0, =2,0,=2,k; =1.0272, and b, = 0.3977. The wave number
of the OL is K = 1, and the OL strength V) is 50.

Fig. 8. (color online) The corresponding phase evolution plots for the three-
vortex soliton shown in Fig. 7 ((a) t =0, (b) t =40, (c) t = 60, (d) t = 80).

4. Manipulation of vortex solitons

Now we concentrate on the manipulation of TRVSs. The
methods used to manipulate dark solitons by switching the OL

143] have been dis-

on adiabatically or moving the OL slowly
cussed in detail. In addition, controlling the motion of bright
matter-wave solitons by means of periodic potentials!**! has
been realized successfully. Here, we drag an initially stable
TRVS to a specified destination by moving the OL tardily.
There is only a 7/2 phase difference between the external po-
tentials V() and V;(r) shown in Fig. 1. From Fig. 1, we
notice that the structure of the trap potential V»(r) is cylindri-
cally symmetric, and the OL set in the z axis can be shifted
randomly along the z axis direction, but the construction of
the confinement remains unchanged. Consequently, this pro-
vides the possibility to realize the manipulation of the vortex
solitons along the z axis direction.

This is experimentally feasible because the phase of the
OL can be tuned by modulating the angle between the counter-
propagating laser beams, which can be realized by using
acousto-optic modulators.[*3] We must ensure that the veloc-
ity of the motion is slow enough to ensure the stability of the
TRVS. Otherwise, the original vortex solitons ultimately es-
cape because of the continuous dissipation of energy. Owing
to the concept of the prescribed movement of solitons in the
lattice,®! we choose the control function Z(¢) in the external
potential (Eq. (3)) as follows:

Z(t) =z + (1/2)(z¢ — zi){1 +tanh[(t — 19) /7] }, (11)

where z; is the initial position, and zs is the destination. 7 dis-
plays the dragging time length, and #y presents the beginning
of the shift. The maximal velocity Umax = |z¢ — zi|/(27) must
be small enough to make the process adiabatical. The control
function plays a significant role in the manipulation.

As shown in Fig. 9, we move the medially fundamental
vortex of the TRVS with y = 3 successfully from z; = 0 to
zr = /K. Figure 9(e) presents the evolution of the manipu-
lation by the amplitude isosurface distribution with a value of
0.1. By steadily moving the OL, the vortex soliton is dragged
to the specified point in a prescribed path. The slope in the
panel reflects the traveling speed, namely, the greater the gra-
dient of the isosurface, the faster the shifting of the OL. The
period fluctuation with a small amplitude is also found in the
dragging process. This is because the initial vortex soliton is
not completely located at the valleys of the external potential.

The manipulation of the TRVS with ¥ =1 or y =2 is also
achieved in the same way. We also get the stability regions to
manipulate them successfully by performing a large amount
of numerical simulations with a certain range of 7. Naturally,
we find the critical boundary of 7 from 0.3 to 50. When the
moving speed is too fast or too slow, the vortex solitons will

oscillate drastically and collapse. We show the regions in
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which the TRVSs can be manipulated successfully in Fig. 10.
The values on the curves are the critical conditions, and the
regions above them are the ones demanded in manipulating
the TRVSs. From the figure, we can conclude that the manip-
ulation of the TRVS is also related to the depth and the wave
number of the OL. For the critical values of the successful
manipulation, the results can be divided into three segments.
When the wave number of the OL is between K = 0.3 and
K = 0.7, the strength of the OL decreases with the increase in
the wave number with topological charge ¥ = 1 and y = 3.
But the strength of the OL increases with the increase in the
wave number with topological charge y = 2. Among them,
the TRVS with topological charge y = 3 requires the strongest
confinement, and the TRVS with topological charge y =2
needs the weakest confinement under the same wave number.
When the wave number of the OL is between K = 0.7 and
K = 1.7, the strength of the OL increases with the increase in
the wave number. The topological charge of the TRVS has lit-
tle effect on its stability. When the wave number of the OL is
between K = 1.7 and K = 1.9, the strength of the OL decreases
with the increase in the wave number with topological charge
x = 1 and )y = 3. But the strength of the OL increases with the

0.20
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0100 — 0.10
0.05 0.05
0 0 5

x
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0.10 N 0 fole 0.10
0.05 —95 0.05
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10

z

Fig. 9. (color online) The successful manipulation of a three-vortex soli-
ton with topological charge y = 3 dragged along the z axis for N = 500,
o, =2,0;, =2,k =1.0357, and b, = 0.2931. The wave number of
the OL is K = 1, the OL strength Vj is 90, and the value of 7 is 10.
Panels (a), (b), (c), and (d) show the slice plots in the midplane y = 0 at
t=0,1=40,t =060, and = 80, respectively. (e) Targeted shift of the
three-vortex soliton from z; = 0 to zr = /K, represented by the evolu-
tion of isosurface distribution. The value of the amplitude isosurface is
0.1.

increase in the wave number with topological charge y = 2.
Among them, the TRVS with topological charge y = 2 re-
quires the strongest confinement and the TRVS with topolog-
ical charge ¥ = 3 needs the weakest confinement under the
same wave number. In the case of a weak OL strength, the
TRVS cannot be trapped. So we can remove a TRVS success-
fully by increasing the OL strength.

80
x=1 ~°
X:2 ”
60} ——— X:S

successful dragging

20
unsuccessful dragging

/‘
ee®

0.5 1.0 1.5 2.0
K

Fig. 10. (color online) Curves representing the critical values for ma-
nipulating three-vortex solitons with topological charges y =1, x = 2,
and y = 3. The areas above these curves are the stable regions to ma-
nipulate the three-vortex solitons.

5. Conclusion

We set up stable 3D BEC vortex solitons, in the form of
a layer-chain structure made up of several fundamental vor-
tices, by combining the energy density functional method and
direct numerical simulation. We studied the stability, dynam-
ics, and manipulation of the 3D BEC vortex solitons trapped in
a complex potential consisting of an OL potential along the z
axis direction and a parabolic potential along the transverse ra-
dial direction. The stable 3D vortex solitons are diverse, with
topological charges ¥ = 1, y = 2, and )y = 3. First, we apply
the PSO to optimize the energy density functional to find the
stable initial states of the vortex solitons. Subsequently, the
stability of the solutions is verified by direct numerical simu-
lations. In addition, the phenomena of chirp and tunneling are
also observed in the process. Finally, the drag of the vortex
solitons along the OL direction is realized, and we analyze the
influence factors that impede the removal of the vortex soli-
tons and find the limit areas. However, due to PC limitations
we only investigated the results for TWVSs and TRVSs. We
hope that this study could stimulate the realization of 3D BECs
owing to the experimental feasibility of the external potential
here. Besides, the successful manipulation of vortex solitons
can be adapted in quantum information storage and processing
because the BEC can be used as a carrier of information.
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