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We numerically study dynamical creation of vortex excitations in Bose-

Einstein condensates (BECs) within the framework of mean-field 

theory using dissipative Gross-pitaevskii equation. Vortex dipoles and 

soliton pairs are found to be created after two Gaussian obstacle 

potentials collide head on. Furthermore, we examine the mechanism of 

vortex excitation in a highly oblate spin-orbit coupling BEC. It is found 

that the symmetry of vortex dipoles is destroyed and the structure is 

quite different from that without spin-orbit coupling. The critical 

velocity for vortex-antivortex pair nucleation is heavily influenced by 

the strength of spin-orbit coupling. 
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Introduction:- 
Since the vortex dipoles have been directly observed in a pancake-shaped condensate by forcing superfluid flow 

around a repulsive Gaussian obstacle potential(GOP)[1-2]. A varietyof theoretical and experimental studied have 

been made on a scalar BEC, such as vortex dipoles induced in oscillating  potential and at finite temperature[3-4]. 

Using two blue-detuned lase beams as"tweezers", one can pin and manipulate vortices on demand experimently[5-

6]. Recent progress in a toroidal geometry has opened a new prospect to study the superfluidity and vortex 

excitation[7-9]. Due to the process in the field of ultracold atoms and the realization of synthetic non-Abelian gauge 

field, the SO coupling with bosons have received increasing attention theoretically[10].The SO coupled condensates 

not only support various density profiles such as plan wave or striped wave in spin-1/2 condensate but also some 

elementary excitations such as vortex and skyrmion[11-13]. 

 

In this paper, we focus on the dynamical problem of a moving obstacle potential in an harmonic trap BEC. Despite 

there exit a lot of significant experimental and theoretical advances in this topic, the vortex excitations and dynamics 

are not associated for two obstacle colliding head on. Furthermore, motivated by the latest research on the dynamics 

of a moving obstacle in a uniform system of SO coupling BEC[14], we investigate the SO coupling effect on the 

nucleation and dynamics of vortices in an harmonic trap. We find that the SO coupling is favorable for vortices 

nucleation. 

 

Model:- 

We consider a single BEC described by the macroscopic wave function  ),( tr


 . In the mean-field framework, the 

dynamics of a system with N weakly identical atoms close to thermo-dynamic equilibrium and subject to weak 

dissipation can be described by the dissipative Gross-pitaevskii(GP) equation[15]: 
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is the axially symmetric harmonic trap potential. tyx   is the 

radial trap potential frequency and z  presents the axial trap potential frequency. We focus in this paper on a 

pancake-shaped situation with tz   . In this extreme limit, the axial dimension is sufficiently thin that the 

motion along z direction can be neglected and atoms can move only within the xy plane. The wave function of BEC 

),( tr


  is normalized according to .),(),(* Ntrtrrd 


 The last term in equation is the atom-atom contact 

interaction which characterized by
m

a
g s

24 
 with sa the s-wave scattering length and m the atom mass. We 

have neglected the chemical potential by a constant without affecting the dynamics.  The parameter  in GP 

equation is a dimensionless, phenomenological, damping constant which is always introduced to fit experiment. The 

dissipative GP equation has been extensively employed to study the dynamics of systems in the presence of 

thermally induced dissipation[16-18]. In present work, we neglect the possible dependence of   on the position and 

temperature and assume it to be a constant. 

In actual computation, we discrete the xy plane into a square lattice points. The space scale is much larger than 

the TF radius of the condensate. a is assumed to be the lattice constant whose value must be much less than the 

characteristic length 

tm
l




 of the axial harmonic oscillator so that the dynamics are independent of the grid. For 

the time evolution forth-order Runge-kutta method is used at each time step. The central-difference formula is used 

mainly to calculate the diffusion term (kinetic term).Introducing dimensionless ),( ji  in the GP equations, by 

substituting ),( tr


 with ),,(
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2
tji

aa z

 , where
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 is the characteristic length of longitudinal harmonic 

oscillator, we will thus obtain the following lattice-version of the GP equations: 
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The parameters in the above equations are all dimensionless and they are actually only dependent of 
l

a
and

z

s

a

a
. A 

straightforward calculation leads to the following expressions of 
4)('

l

a
V  and

z

s

a

a
g 4' . Note that 'g  is 

essentially independent of the artificial lattice constant a .  
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We based our simulation on a condensate of 
5100.1 N atoms in a trap potential. Assuming the system consists 

of Rb87
 atoms, we have pmm 87  with pm  the mass of proton. The trap frequency is chosen to be 

1102  st  and 
11002  sz  , then l is estimated to be about 3.4 m and and ms27.1




.The square 

lattice we study is a 200200  system and 008.0)( 2 
l

a
. This means the system has a size of about 

mm  6060  and 016.0)(2 2 
l

at




.Therefore, we have 000064.0' V . In addition, to guarantee both 

the convergence and efficiency of iteration of the GP equations, dt' is chosen to be between 0.0001 and 0.01 in 

numerical calculations.  In the following,   is set to be 0015.0 . We find our results do not depend 

qualitatively on the specific value of in the range from 001.0 to 01.0 . The dissipative parameter 

determines the relaxation time of the vortices: the greater  is, the less time it takes. 

 

Results and disscussion:- 
1、two obstacle collide head on   

In this section, we investigate numerically the dynamical behaviors of vortex dipoles excited by two uniformly 

moving Gaussian obstacle potentials(GOPs) when they collide head-on. To begin with, we first consider the 

situation where one GOP move in x direction. After getting the stationary solution using imaginary method only in 

the presence of a harmonic trapping potential, an obstacle potential is introduced and is fixed at one point until the 

condensate structure stable. This procedure avoids appearance of phase singularity trapped by the obstacle potential. 

A single GOP moving through the condensate can be described as: ]
)(

exp[
2

22

0
0

d

yxx
VVGOP


 ,where d is the 

width and 0V  is the amplitude of the obstacle potential maxima located at (x(t), 0).In our numerical computation,  

we choose d = 0.8l  and 80 V . For the condensate center density 0n , the sound velocity 
m

gn
vs

0 . Consider 

an obstacle with gradually increasing velocity, on reaching the critical velocity, periodic vortex shedding starts. 

Then the critical velocity is determined. In our simulation is about 370 um/s, which is about 0.6 sv . When the speed 

is in the range of  370um/s<v<450um/s , a vortex-antivortex pair can be nucleated.    

Now, we turn to consider the collision of two GOPs. At initial time, two GOPs are displaced away from the 

condensate center for a equal distance. We set that two GOP are located at 0) ,(-4.4  and 0) ,(4.4 respectively. 

After the condensate in a  static  structure, two GOPs start to move along the x and -x direction at a constant velocity 

um/s. 405=v   It should be pointed out that the intensity 0V  keeps constant until GOPs reaching the condensate 

edge and suddenly disappear. 
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Fig.1 (color on line) The left and middle panels are the density profiles at(a)t=31.75 ms,(b)t=41.275 ms, 

(c)t=47.625ms, (d)t=53.975 ms,(e) t=60.32 ms,(f) t=69.85 ms. The right panel(g)-(i) are the corresponding phase 

profiles of (a),(b),and (f)respectively. The symbol +(-) denotes a vortex with counterclockwise (clockwise). Black 

arrows indicate the motion direction of potentials 

 

Soon after the movement of two GOPs, two vortex dipoles are nucleated symmetrically about x and y axis behind 

the GOPs with opposite topological charge as shown in Fig.1(a). In the process of collision of two potentials, we do 

not find any excitation. But as two potentials separate from each other after collision, the impulses push the two 

vortex dipoles to pass through the potentials and move towards the lower density regimes left by two GOPs. The 

vortices and anti-vortices start to converge and form new structure after they met as shown in Fig.1(d). This 

structure is not stable and soon decays into vortex dipoles in Fig.1(e). When the two GOP near the edge of 

condensate, six pairs of vortex dipoles are nucleated symmetrically. Their density and phase profiles are shown in 

Fig.1(f) and Fig.1(i). In a word, the collision of two Gaussian repulsive potentials leads to the nucleation of new 

vortex dipoles. 

 

Now, we focus on the dynamical decay of these vortex anti-vortex pairs. Fig.2 shows the density profiles of vortex 

dipoles in the temporal evolution process. In order to identify every vortex and antivortex , we mark them with 

number 1-12. First, two vortex and antivortex pairs 1-2 and 3-4 nucleated behind the potentials move away from the 

condensate. when arriving at the edge, they divorce and move in opposite directions along the surface. On the 

contrary, vortex 5 and 7 would converge anti-vortex 6 and 8 move towards the condensate center and eventually 

annihilate in a circle form, as shown in Fig.2(f). Subsequently, vortex 9 and 11 would converge anti-vortex 12 and 

10 move towards each other until they meet in the condensate center. After this, a pair of solitons gets generated. we 

can observe clearly the propagation of two solitons along opposite direction in Fig.2(i). After reaching condensate 

edge, the two solitons collapse into two vortex pairs. So far, all the vortices and anti-vortices are ejected out of the 

condensate. The condensate get stable gradually. 
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FIG.2 (color online) Density profiles in the dynamical evolution of vortices and anti-vortices at different time. From 

(a) to (l), the time is 88.90 ms, 101.60 ms, 114.30 ms, 120.65 ms, 139.70ms, 152.40ms, 165.10ms, 184.15ms, 

190.50ms, 203.20ms, 209.55ms, 222.25ms. The odd numbers (1,3,5,7,9,11) denote anti-vortices while the even 

numbers (2,4,6,8,10) denote vortices. 

 

2、vortex excitations under Spin-orbit coupling 

To begin with, we consider a system of Rashba spin-orbit coupling on spin-1/2 BECs condensates confined in a 

harmonic trap. TheHamiltoniancan be written int0
ˆˆˆ HHH  , where 
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the spinor field operators and 
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  ˆˆn̂ . 21, gg denote the self-interaction of 

component(intracomponent coupling) and are always taken  to be equal ggg  21 . 12g measures the effect of 

interaction between the two  components (intercomponent coupling). For Rashba spin-orbit coupling, 

)+ (
m
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with x  , y  being the pauli matrices and 0k characterizing the SO coupling 

strength that is assumed to be equal in both x and y directions.  
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Fig.3 (color online). The density profiles of spin-1/2 two components with the uniform moving GOP when 

considering the influence of SO coupling for $k=0,k=0.01, k=0.03, k=0.08 from left to right column. Two 

components here are represented by a and b. The first and  second panels denote the situation when the GOP move 

near the condensates center at 1t = 31.75ms . The third and the last panels denote the situation when the GOP near 

the condensates edge at 2t =63.5ms. 

 

In this section, we mainly discuss the influence of SO coupling strength on the vortex nucleation when a GOP 

uniformly moving through the condensate. Before doing so, it is useful to study the properties of such a system 

without SO coupling. If  g<g12 the ground states of BEC are plan wavesand the two spin components having the 

same ground state structure[11], the dynamical generation and evolution of vortex dipoles also takes on the same 

density distribution keep axial symmetry along x direction, as shown in Fig.3. In the presence of SO coupling, we 

first discuss the situation when the SO coupling strength is weak. In Fig.3, the GOP moves with the same speed 

530um/s in all cases. We find that when SO coupling strength $k$ is up to 0.03, the property of the density profiles 

start to different from each other. According to the results of Fig.3 we can see that the axial symmetry is broken in 

each component but maintained in the system if two components is considered as a whole. Furthermore, the vortex 

core in each component is occupied by the other component. This structure can therefore be regarded as a pair of 

half-quantum vortices. With the increase of SO coupling strength, more vortex dipoles would be nucleated and  the 

symmetry along the x-axis would be destroyed for the system. The critical speed for k=0.25 is 130 um/s, which is 

far less than cv =370 um/s mentioned above, meaning that the SO coupling effect is of benefit to the creation of the 

vortex dipole. The critical velocities for vortex dipole nucleation at different SO coupling strength are calculated 

andshown in Fig.4. 
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Fig.4:- The dependence of critical velocity on the SO coupling strength. 

 

Conclusion:- 
We have performed numerical calculations of the quai-two-dimensional GP equation to investigate the creation and 

dynamical evolution of vortices in a harmonic trap potential. As two GOPs move and collide head on, we find extra 

vortex dipoles and a pair of solitons are nucleated symmetrically after the two GOPs separating from each other 

which enrich the phase profiles of vortex excitations. when a trapped SO coupling BEC is in a plane-wave phase, it 

is favorable for vortex creation under the influence of SO coupling effect. The velocity of a vortex-antivortex is 

much smaller than that without SO coupling. 
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