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Abstract

We investigate the ground states and spin textures of rotating two-component Bose—Einstein
condensates (BECs) confined in an annular potential. For the two-component miscible BECs,
we analytically give the critical angular velocity of each component with the Thomas—Fermi
approximation (TFA), at which the density profile changes from a disc shape into an annulus
shape, forming a giant vortex. We present a phase diagram showing three kinds of density
profiles of the ground states that are two disc shaped, one disc and another annulus shaped, and
two annulus shaped. For the two-component immiscible BECs with particle number grave
imbalance, we also discuss their ground states using the TFA, and three kinds of symmetrical
structures of the density profiles are classified analytically. The spin textures of the
two-component immiscible BECs have been studied and we find three kinds of symmetrical
structures of the spin textures in the annular trap. One of these textures is an annular skyrmion
which has been observed in harmonic potentials. Both of the other spin textures contain a new
structure composed of concentric double-annulus skyrmion whose topological charge is the
sum of the ones of two annular skyrmions, and the topological charge of each annular skyrmion
is equal to the absolute value of the difference between the quantum numbers of circulation of
two components inside this annular skyrmion. We also prove that these new textures are robust
by investigating the dynamical behaviours of the system under external disturbances.

(Some figures may appear in colour only in the online journal)

1. Introduction

In recent years, many interesting consequences have been
obtained theoretically and experimentally in the field of cold
atoms. With the improved experimental technology, it is very
easy to construct and control different structures of potentials
such as the harmonic potentials, the optical lattice potentials
and the annular or ring-shaped potentials [1-4]. Because of
the circular geometric structure, the annular potentials are
very important for many fields, such as the accelerator physics
[5-8], persistent currents [2], vortices [9, 10], solitons [11-13]
in Bose—Einstein condensates (BECs) and so on.

The rotating single-component BECs in anharmonic
trapping potentials have been studied extensively and display
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very rich topological states with unique vortex structures
[14, 15]. Many theoretical studies about two-component
BECs confined in annular traps have been carried out. For
example, the rotational properties of two-component Bose
gases confined in a one-dimensional single-ring potential are
studied and the persistent currents are found in this system
[16]. And various phases of the ground state are identified and
the rotational properties are also studied for the mixture of
Bose gases confined in a two-dimensional concentric double-
annulus-like trap [17]. However, few researches about the
vortex structures have been carried out and none of these
studies has considered the spin textures of the rotating two-
component BECs in a two-dimensional annular trap.

In this paper, we investigate the ground states and the spin
textures of rotating two-component BECs confined in a two-
dimensional annular trap. The system has many parameters
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such as anharmonic trapping potential, rotation angular
velocity, population imbalance between the two components,
inter-component and intra-component interaction strengths,
and the interplay of them will induce a very rich phase
diagram. Firstly, we consider the ground states of two
miscible components with different angular velocities. For
each component, a central density hole which contains several
phase defects will appear, forming a giant vortex, when the
angular velocity exceeds a critical value. We give their critical
angular velocities with the Thomas—Fermi approximation
(TFA) and present a phase diagram of the two components
which shows three kinds of density profiles of the ground
states by varying the angular velocities and intra-component
interaction strengths.

Secondly, we study the ground states of two-component
immiscible BECs with symmetric structures. For the two
components with their particle number grave imbalance, the
density distribution of the big component is hardly affected
by the small one, but the small component experiences a
trap formed by the external trap plus the repulsive interaction
from the big component. So we can also approximate their
profiles with the TFA, and the phases of the ground states
are analytically classified into three kinds of symmetric
structures according to the competition among the chemical
potentials and the effective potential barriers. We also research
numerically the spin textures of two-component immiscible
BECs. Three kinds of interesting spin textures are found. One
of them is annular skyrmion (giant skyrmion); this structure
has been observed and researched in the harmonic trapping
potentials [18, 19]. Both of the other spin textures contain a
new structure which we name as concentric double-annulus
skyrmion. This texture cannot exist in harmonic trapping
potentials and has, so far, not been studied.

This paper is organized as follows: in section 2, we
introduce the basic formulation of the problem. In section 3, the
two-component miscible condensates are studied analytically
with the TFA, and the phases of the ground states are classified.
In section 4, we analytically discuss the two-component
immiscible BECs with the TFA in the limit of N; > N,.
The density profiles and spin textures of the condensates in the
annular trap are studied numerically. And the conclusions are
given in section 5.

2. Formulation of the problem

We consider two-component BECs at zero temperature,
confined in an axially symmetric potential:

V = Im[elVo(r — r0)* + 027%], 4))

where r = /x2 +y2, w, and w, are the frequencies of the
confinement in the x—y plane and along the z axis, respectively.
Vi is a dimensionless constant that characterizes the barrier
height for a fixed ry. The potential has a minimum at ry.
Supposing A = ;UT > 1, the system can be simplified into
a quasi-two-dimensional model, and the trapping potential is
reduced to its two-dimensional form V = %mino (r — 1),
as shown in figure 1. The trapped two-component BECs
can be characterized by the condensate wavefunctions WV =
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Figure 1. (a) Schematic of the annular trapping potential. (b) The
cross sections of V along the x axis at y = 0.
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(W, W,)". In the weak interaction limit, the condensates in a
rotating frame with angular velocity €2 around the z axis can
be well described by the coupled Gross—Pitaevskii equations
(CGPEs):
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where Uy = 47rh2ajk/m, (j,k = 1,2) represents the
intra-(U;1, Up,) or inter-component (U, ) interaction strength
characterized by the s-wave scattering length a j; and particle
massm. L. = —ih(xdy—ydx) is the z-component of the angular
momentum operator. The wavefunctions are normalized as
> j f |\IJ j’z dr = N, where N is the total number of particles
in the condensates.

We can separate the degrees of freedom of the
wavefunction as W;(r,t) = v¥;(x,y,1)$(z). After rescaling
r = r/ap, f= w,t, lifj = }ﬁjao/\/ﬁ, Q= Q/w,, I:z =
L./h, where ay = «/h/mw,, we obtain the two-dimensional
dimensionless coupled CGPEs (for simplicity, we remark e
instead of e in the following):

.0y I, 1 : 2
—_— = ——V — — I
i o7 < 3 + 2V0(r ’o> + g11 Y]
+ g2 [Yol* — QL)Y (3a)
EI 1 1 2
i—= —(—Zv24 = . 2
i~ < 3 +2V0(7 '0> + g |yl
+ gnlvn* — QL) Y, (3b)

where the interaction coefficients are defined as gy =
4mwNnaj, with the reductive parameter n = f dz|<;5(z)|4 /
f dz |¢>(z)|2, and the wavefunctions are normalized as
> j f ]W_,]zdxdyzl. Considering the added centrifugal
potential when © # 0, we assume Q? < Vj in the following
in order to ensure that the condensates can be trapped.

In addition, we assume that the particle distribution
satisfies the relation:

/(|w1|2— [¥2]?) dr = M, )

where M € (0,1) is an adjustable parameter representing
the distribution of particles in two components, assuming the
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particle distribution of the first component is larger than that
of the second component.

3. Two-component miscible BECs

In this section, we consider the two-component miscible BECs
trapped in an annular potential. Their interaction coefficients
satisfy gz12 < g11822. We can give an equivalent Lagrangian
formalism based on the GPEs

LY, Yol = T, Yol — Fl, o] &)

where

_ if,0% Y )
T [y, ¥n] = / dr ;2[2 (vfj o~ o Vi 6)

is the time-dependent part of the Lagrangian functional, and

1
Fly, vl =fdr{ Z [5|Vw,-|2+vm-|2
j=12
8 jk
+ Y = Wil Ial® — QRe (Y L.v;) — ujwf_,-F]} ©)
k=1,2
is the free-energy functional, and u ; is a Lagrangian multiplier.

3.1. TF approximation

Using the replacement v; = ,/p;(r,t)exp(if;(r,t)), we
obtain |V1pj|2 = |V«/,0_‘,'|2 + |V9j|2|1pj|2 in equation (7). The
absolute squared amplitude p;(r,?) = [¥;(r, 1) |> gives the
condensate density and the gradient of the phase 6;(r, t) gives
the dimensionless superfluid velocity v = V8;(r, t) of the jth
component. In particular, as the trap structure can be changed
conveniently by adjusting the parameters V}y and ry, a density
hole might appear in one or both components. So the density
distribution of each component may be a disc or an annulus.
Whether it is a disc or an annulus, v = € X r, is always valid
[20, 15]. The curvature of the density V P is neglected in the
TFA. In this approximation, the variation of the free energy
FI¥1, ¥2] with respect to [y yields

gulvil® + gulvnl> = w + 32%7° -V, (8a)

gl + gulvn > = 1o + 1Q%7 -, (8h)

and these two coupled equations yield the TF densities of two
components

(822 — g12)[(% = Vi)r? + 2rVor — rdVi |

p1(r) =
2(g11g22 - 8212)
+ 82M1 — 812M2’ 9a)
(811822 - 8212)
(811 — g1)[ (92 — Vo) 2 + 2rVor — 13Vi]
pa(r) =
2(8115’22 - 8212)
+ 112 — 1241 (9b)

(811822 - 8212) '

for p; (r) > Oand p; (r) = Ootherwise. Itis difficult to present
an explicit expression of the chemical potentials | and o,
but they can be determined by the normalization condition and
equation (4).

3.2. Condensate with a central hole

We assume that two components have no central hole initially,
i.e. the density profiles of two components are disc shaped
when 2 = 0. With increasing €2, a central hole will appear in
one or both components because of the strong Coriolis forces,
and the density profiles will change from disc to annulus. The
TF radius R; of the jth component can be obtained by finding
where the density goes to zero. Then we obtain

VO"O:’:\/QZVO”(Z) +(Vo— QZ)Z(gZZMI —812i2)

(822—812)
Ry = . (10
: Vo — 2) (10a)
Vorot \/QZVOr(Z) + (Vo — Q2)28ur2—gnm)
REE: (g11—2gr2) (10b)

Vo — 2%

Here the plus sign denotes the outer radius Rj and the
minus sign denotes the inner radius R; of the annulus of
the jth component. A central hole first appeared in the first
component when the chemical potentials satisfy the relation
_ Vm‘g e .- .
gnih1—8npr = 5% (82 — &12)- Substituting it into equation
(10a), we obtain the corresponding TF radii R} = (vi‘i)gl)
and R] = 0. According to the normalization condition and
equation (4), we obtain the critical angular velocity of the first
component satisfying

. 1/3
8Vorym (g22 — g12) aan
3(1+M)(g11822 — &)

Similarly, we obtain the critical angular velocity of the
second component satisfying

Q2 =V 1—[

1/3
8Vorgm (g1 — g12) (12)
3(1—M)(g11822 — &) ’

where the chemical potentials satisfy gyius — g1 =

Q3, =V 1—[

V(’Tr[z’ (g11 — g12) , and the TF radii of the second component
is Rf = i and Ry = 0.

From equations (10a) and (10b) we can see that the TF
inner and outer radii of the annulus of each component satisfy

the simple relation

RY 4R = 200

J J (VO — QZ)
This equation shows that the mean radius is determined by
Vo, ro and Q. It grows with increasing angular frequency,
increasing ry and decreasing V.

With rotation, three density patterns of the condensates
can be classified without considering the single vortex in
the condensates. Without loss of generality, we assume that
Q4 > Qop; then the central hole firstly appears in the second
component when we increase the rotation frequency.

Case 1: Q < S, < Q). Both components are disc
shaped, and their TF radii are R and R] in equation (10).

Case 2: Qo < Q < Qyp. The first component is disc
shaped and the second component is annulus shaped, and their
TF radii are R} and R2i in equation (10). A giant vortex is
formed in the second component.

13)
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Figure 2. Q—g phase diagram for parameters g, = 400, Vy = 4,

ro = 2 and M = 0.2. The squares indicate that two components are
disc shaped, the triangles indicate that the big component is a disc
and the small component is an annulus, and the circles indicate that
two components are annulus shaped. The solid line indicates the
critical angular velocity of the big component from equation (11),
and the dashed line indicates the critical angular velocity of the
small component from equation (12).

Case 3: Q, < Q5 < Q2. Both components are annulus
shaped and their TF radii are Rf and R2i in equation (10),
respectively. A giant vortex is formed in each component.

Assuming g1 = g» = g, we illustrate the phase diagram
of the ground-state density distribution of the two components
with the varied 2 and g. Other parameters of the system are
assumed as g;p = 400, Vo = 4, 1o = 2and M = 0.2 in
our simulations. By using the imaginary-time propagation
method ¢+ — 1 = ir [21, 22], we solve equations (3a)
and (3b) numerically and obtain a series of ground states
of the condensates, as shown in figure 2. We also show the
relationship between the critical angular velocity €2, of the
Jjth component and g obtained from equations (11) and (12)
in figure 2. The results from the numerical simulation and the
analytic calculation show good agreement.

In addition, the central hole(s) might also appear as 2 is
absent with the suitable values of Vj and r(. Using the above
methods, we can also obtain the critical value of V{, for the
appearance of a central hole

Volh _ 3(1 +M)(g11822 _gzlz)
871r‘0‘(g22 —glz)

. (14a)

V02h= 3(1_M)(g11g22_g212) (14b)

87”3(8’11 —glz)

Assuming Vo”’ > V02h, the density patterns of the condensates
corresponding to the above cases 1-3 are determined by
Vo < VOZ}’ < Vo”’, Vozh < W < VO”’ and VOZI’ < Volh < Vo,
respectively. And we can obtain the TF radii when welet 2 = 0
in equations (10a) and (10b). Then equation (13) becomes
R}L + R; = 2r¢. It means that the mean radius of the annular
component is only determined by ry. So the jth component

-3

(a) x 10
5 0.02
15
0.015
10
= 0 0.01
0.005 :
-5
0
(b) X
0.03 0.03
0.02 I~ 0.02
(3] (3]
— ~
= =
0.01 0.01
0 0 L i |
-5 5 -5 5
X X

Figure 3. (a) The ground state density profiles of |y | (left) and
[y, | (right) for 2 = 0 and V, = 25. (b) The cross sections of |y, |?
(left) and |, |? (right) along the x axis at y = 0, where solid and
dashed curves represent the results obtained from the numerical
calculation and those obtained from the analytical calculation in TF
approximation respectively.

has a constant mean radius for different V, (Vy > Vojh), if it
is annular shaped, and two components have the same mean
radius ry, if they are both annular shaped.

We take an example for comparing the analytical
calculations with numerical simulations when 2 = 0. The
intra- and inter-component interactions of the condensates are
chosen g;; = 1000, g» = 800 and g1, = 600. We assume
ro =2, M = 0.2 and V, = 25. From equations (14a) and
(14b), we obtain the critical values V" = 19.7, V" = 6.6.
As Vj satisfies VOZh < Volh < Wy, the density profiles of
both components are annulus shaped, as shown in figure 3.
The density distribution of two components shows the local
minimum at 7 = 0 and the local maximum at r = 2. According
to equations (10a) and (10b) with = 0, the TF radii of two
components are R; = 3.85 and R, = 0.15. Figure 3(b) shows
the cross sections of | |* and |1/, |? along the x axis at y = 0,
where solid and dashed curves represent the results obtained
from the numerical calculation and the variational calculation,
respectively.

It should be emphasized that the TF approximation
assumes that the healing length & is much smaller than the
width of the annulus, where &; = fi/,/2mg p;, characterizing
the vortex core size of a jth component BEC. In addition, the
central hole in our paper means a zero density region at the
trap centre when €2 is absent. For the case that 2 # 0, several
vortices will appear due to the nonzero angular momentum;
then the central hole in our paper does not mean a single
quantized vortex in the trap centre, but a giant vortex, i.e. a
vortex with multiple quantum circulation.
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4. Two-component immiscible BECs

4.1. TF approximation for the case of Ny > N,

In this section, we assume that the inter-component scattering
length is larger than the intra-component scattering length.
Then the two components are immiscible, and the TFA is no
longer applicable because the TFA fails to describe the domain
boundary region, where the quantum pressure term cannot be
neglected. But if N; > N,, the density distribution of the big
component is hardly affected by the small component, and the
small component experiences a trap not only produced by the
external trap but also by the repulsive interaction of the big
component. So we can respectively approximate their profiles
with the TF distribution.

For the big component, the TF density is

i — 3 [Vo(r — ro)* — Q2%

p1(r) = ,
811

for p; (r) > 0 and p; (r) = 0 otherwise. The chemical
potential p; can be determined by the normalization
condition f lel2 dr =1. Its effective potential is Ve =
[Vo r = r0)* — Q%] /2, and we define VS, = 1Viorg,
representing the value of the effective potential at = 0. With
the angular frequency increasing, a central hole will appear.
According to the normalization condition, we obtain the square
of critical angular frequency

dVort\'?
Q2 =V 1-( T °'°> .
3211

When Q@ = y;, the TF radius is R; = (Vi\f&)
chemical potential ©; = Ve(%fl. For Q < Qp;, the density

distribution of the big component is a disc. Its TF radius is

Voro + \/ Vo3 + 241 (Vo — 92)
R, = —— . (17)

For Q > Qy;, the density profile of the big component is an
annulus. Its TF inner and outer radii are

Voro
(Vo — @)

where the plus sign denotes the outer radius RT and the
minus sign denotes the inner radius R . The chemical potential

G e ) Vo2
K= 8r2n2V2 T 2(Ve-2)
and outer radii satisfy the relation

Vor 611 )"
RF+Ry = —20 _ Rr—Ry = (2L} (9
Vo — 22) wroVp

From equation (19) we can see that the mean radius is
only determined by the potential and the rotation frequency,
which is similar to the case of two-component miscible
condensates. And the width of the annulus is unrelated to the
rotation frequency. In other words, if we increase the rotation
frequency, the inner and outer radii will increase due to the
stronger centrifugal force, but the width of the annulus is
unchanged. In addition, when © = 0, the central hole might
also appear, and the critical value of Vj is V(f' = 373]3 For

Vo >V, the condensate is annulus shaped, and for Vo < V{/,

as)

(16)

and the

3
Rf = ()1, (18)
47TI’0V()

0 .
< V- And the inner

the condensate is disc shaped. It should be pointed out that the
above conclusions in this section also apply to the case of a
single-component BEC in this trap.

For the small component, the situation is more
complicated. Its density distribution is not only affected
by the external potential, but also by the big component.
The effective potential of the small component is Vg =
% (r— ro)2 + g1p1 — QZ’Z. According to the density profiles
of the big component, and the competition among the chemical
potentials and the effective potential barriers of the two
components, the density profile of the small component can
be divided into the following three cases.

Case 1. The density profile of the big component is a disc
and that of the small component is an annulus surrounding the
big component. In this case, the chemical potentials and the
effective potentials at r = 0 satisfy V., < 1 < o < Vs
here Vi, = (Ml - VOT’é) g12/gn + V(’T'% The TF radii of the
annulus are

Voro+ [Vord @2 —2(Vo— ) Sut=tizts
Vo — 2

Ry = (20)

Voro+\Vorg @2 + 212 (Vo — 92)

+
ks Vo — 2

3y
Case 2. The density profile of the big component is an annulus
and that of the small component is a small disc plus a big
annulus. The small disc fills the density hole of the big
component and the big annulus surrounds the big component.
There is a local maximum value of the effective potential
Vet = % at r = 0, and a local minimum value Ve = g

at r = Ry. In this situation, u; < V%, = V%, < wo; here,
Vorg . . .
Ve(;fZ = % The corresponding TF radius of the disc is

Voro— [Vorg @ —2(Vo— 2) Sttty
Vo — Q2

and the TF radii of the annulus can be obtained by equations

(20) and (21).

Case 3. The density profile of the big component is an
annulus and that of the small component is a small annulus
plus a big annulus. The small annulus of the small component
is surrounded by the big component, and the big annulus of the
small component surrounds the big component. In this case,

disc __
RY™ =

. (22

np < g < Ve(;fl = Ve(%fZ; here, Ve%fz = ‘% The corresponding
TF radii are
- Voro—\/zﬂz(vo— Q%) + Vorg Q2
R, = T . (23a)
VOI’O—\/QZVOF(%—2(V0—§22)g"“2_g'2“'
+ 812—811
Ry = TS , (23b)
 Vorok [V —2 (V- @) futimsats
R, = , (230

Vo — Q2
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Figure 4. The ground state density profiles and phases for different
angular velocities: (a) 2 = 0.1w,, (b) 2 = 0.6w, and (c)

Q = 1.4w, . The first and the third rows are the density profiles of
Y and v,. The second and the fourth rows are the phases
corresponding to the density profiles of the first and the third rows,
respectively.

Voro+ /212 (Vo — 92) + Vorg 22
RY =
2b Vo — Q2 ’

(23d)

where R} and R; represent the inner and outer radii of the
small annulus, and R, R;’b represent the inner and outer radii
of the big annulus, respectively. It should be emphasized that
we only consider the condensates with a symmetrical structure
in this paper. In other words, we do not consider the case
that the condensates have broken symmetry; for example, the
centre of two components differ or the condensates are two
droplets [19].

4.2. Spin textures

In this section, we discuss three kinds of spin textures of
the two-component immiscible BECs with different angular
velocities 2. The intra- and inter-component interactions of
the condensates and other parameters are chosen g;; = 550,
g»n = 1000, g, = 800, M = 02 Vy = 4, ryp = 2.
The density profiles and corresponding phases are shown in
figure 4. The big component locates near the trap centre,
and the small component spreads to the low density region
of the big component because of its strong intra-component
interaction. When Q = 0.lw,, the density profile of the
big component is a disc and that of the small component
is an annulus, as shown in figure 4(a). Three phase defects
of the small component enter into the centre density hole,

forming a giant vortex. The spinor-order parameter of the
two-component BECs allows us to analyse this system as a
pseudospin-1/2 BEC [23]. We introduce a normalized complex
valued spinor x = [x1(r), a1 = [bale™, [xal ]
which satisfies | x1|?> + |x2|*> = 1. Then the wavefunctions are
decomposed as ¥; = +/pr (r) x;(r). The pseudospin density
is defined as S = x (r)o x (r); here, o is the Pauli matrix. The
pseudospin density is expressed as

Sy =2 x1l [x2lcos(6r — 6,),

Sy = =21x1lx2| sin(6; — 62),

S: =l = el

3

(24)

and S| =
pseudospin space, the spin of the big component points up, and
the spin of the small component points down. The pseudospin
twists through an angle of & from up to down continuously
between two components. Figure 5 shows the pseudospin
textures about the case of figure 4(a). The corresponding
pseudospin texture is a giant skyrmion. The topological
charge Q of the giant skyrmion is equal to the quantum of
circulation of the giant vortex, where the topological charge is
Q = [ drg(r) [24], and the topological charge density ¢(r) =
=€'1S - 0;S x 9;8 characterizes the spatial distribution of the
skyrmion. In this case, the spatial distribution of the topological
charge density is an annulus, as shown in figure 5(c), which
is located at the interface of the two components. This
spin texture has been observed and studied in a harmonic
potential [18].

In this section, we mainly study another case that the
density profile of the big component is annulus shaped. With
the increase of the angular velocity, e.g. 2 = 0.6w,, the
density profile of the big component becomes an annulus due to
the strong centrifugal effect, and the density profile of the small
component develops into a disc plus an annulus, as shown in
figure 4(b). The big component forms a density hole which
creates a giant vortex with quantum number 3 of circulation,
and there are nine single quantized vortices distributed in
the annular no-density areas of the small component. In the
pseudospin space, a new spin texture is formed, and we name
it concentric double-annulus skyrmion. The corresponding
pseudospin densities S, and S. are presented in figures 6(a)
and (b). The topological charge density is uniformly distributed
at two concentric-annulus regions where the two immiscible
condensates overlap, as shown in figure 6(c). The projected
vectorial plots of (Sy, Sy) are shown in figures 6(d) and (e).
This new spin texture can be regarded as the combination of
two annular (giant) skyrmions.

In the polar coordinates, the phases of two components can
approximately be written as §; = k¢, wherex; =0, 1,2, ...
represents the quantum number of the circulation of the jth
component restricted in aradius r. Then the pseudospin density
can be rewritten as

Sy = /1 = [S:(11* cosl (k1 — k2)@],
Sy = V1 = IS:("1*sin[ (k1 — k2)¢],

S: = S:(r),
and the corresponding topological charge density can be
expressed as

/S2+ 8%+ 82 = 1. Projecting the system into a

(25)

4(r) = [k1 — k2] dSz(r).

26
dmr dr (26)
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Figure 5. The pseudospin densities distribution for (a) S, , (b) S. with @ = 0.1w, . (c) The distribution of the topological charge density
¢(r). (d) The vectorial representation of the spin texture projected onto the x—y plane, and (e) an amplified local part of (d). (f) The relative
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Figure 6. The pseudospin densities distribution for (a) S, , (b) S. with & = 0.6w, . (c) The distribution of the topological charge density
¢(r). The length of the long (short) arrow indicates the outer radius d; (d,) of the bigger (smaller) annular skyrmion. (d) The vectorial
representation of the spin texture projected onto the x—y plane, and (e) an amplified local part of (d). (f) The relative phase 6,-6,.

Figure 4(b) shows «; = 3, k, = 0, when r = dj, and «; = 3,
k2 = 9, whenr = d,, where d; and d, are the outer radii of two
annular skyrmions, as shown in figure 6(c). So the topological

charges of the skyrmions in figure 6 are

0 = / (k1 — K2); dS-(r) dr
dmr r

d
= W[Sz(dl) — $.(0)]
= (k1 — Kk2)i =3,
(k1 — K2)0
0, = 1S (d) = S:(d)]

= — (k1 —K2), =6,

27

(28)

0.=0i+0,=9, (29)
where Q;, O, and Q. represent the topological charge of the
inner annular skyrmion, that of the outer annular skyrmion and
the total topological charge of the concentric double-annulus
skyrmion, respectively. It can be summarized as follows: the
topological charge of each annular skyrmion is equal to the
absolute value of the difference between the quantum number
of circulation of two components surrounded in this skyrmion,
as shown in figure 6(f), and the topological charge of the
concentric double-annulus skyrmion is the sum of the one of
two annular skyrmions.

As the angular velocity increases further,e.g. @ = 1.4w, ,
some single quantized vortices appear at the density region
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Figure 7. The pseudospin densities distribution for (a) S, , (b) S, with Q@ = 1.4w, . (¢) The distribution of the topological charge density

q(r). (d) The vectorial representation of the spin texture projected onto
phase 6,—6,.

(a)

0.02

0.015
0
-5

0.01

0.005

(

0

-2

-5

0
X

5 -5

5

()
-5 0 5
X (

%

the x—y plane, and (e) an amplified local part of (d). (f) The relative

3
x10

i

10

®» o

=

2

€)

=8, |
S
.io.:

0
-0.5

-2

-5 5

Figure 8. The density profiles of (a) ¥, and (b) ¥, of the real time dynamical evolution at r = 30cul1 with the same parameters as figure 4(b).
(c), (d) The corresponding phases of (a) and (b). (e) The pseudospin density distribution of S,. The rows indicate the rotational direction.

of the big component, and these vortices are filled with
the density of the small component, forming some coreless
vortices without a density dip in the total density, as shown in
figure 4(c). Projecting the system into a pseudospin space,
many skyrmions are embedded in the concentric double-
annulus skyrmion, as shown in figure 7. The topological
charge for each embedded skyrmion is equal to 1. And the
topological charge densities of these embedded skyrmions
are distributed on a ring and show a § —function distribution.
For the concentric double-annulus skyrmion, the topological
charge of each annular skyrmion is also equal to the absolute
value of the difference between the quantum number of
circulation of two components inside this skyrmion.

4.3. Dynamical behaviours under external disturbances

In this section, we investigate the dynamical behaviours of two
immiscible BECs under an external disturbance. We choose
the ground state obtained in figure 4(c) as an initial value
and perform real time dynamic evolutions of equation (3a)
by introducing a small disturbance such as a Gaussian beam
Voeam = 0.5e [0=4"71/05 for the interval ¢ = [0, 157"
The density profiles, phases and the pseudospin density S,
at t = 30" are shown in figure 8. We can see that the
density profiles and the spin textures are stable and robust.
The vortices in each component generate a collective circular
motion, as shown in figures 8(c) and (d). It is easy to understand
because the Gaussian disturbance brings small amounts of
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energy into the system, and the energy is too small to change
the density distribution of condensates, just generating a small
surface ripples at the boundary of the condensates. But for
the vortices located in the extremely low density regions, the
energy is enough to excite their movement. The pseudospin
density S, of the inner annular skyrmion rotates clockwise,
and the one of the outer skyrmion rotates anticlockwise, as
shown in figure 8(e), because two components distributed
inside and outside two annular skyrmions are exchanged. The
rotation of S, is similar to S,, and S; is invariable. If we
increase the external disturbance, the bigger energy will drive
two condensates to rotate reversely to conserve the angular
momentum of the system. Finally it should be indicated that
the spin textures presented above are still stable and robust in
a slightly inhomogeneous trap.

5. Conclusion

We have studied analytically and numerically the ground states
of the miscible two-component BECs with or without rotation
based on the TFA. With rotation, we have analytically obtained
the critical angular velocity for a central hole to appear in each
condensate and present the phase diagram which shows three
kinds of density profiles of the ground states by varying the
angular velocities and intra-component interaction strengths.
Without rotation, we have also classified the density profiles
according to different potential barriers. In addition, we have
discussed the immiscible two-components BECs for the case
of Ni > N, with the TFA. We give the critical angular
velocity for a central hole to appear in the big condensate,
and classify its density profiles according to different angular
velocity. We find that the width of the density annulus of the big
component is unchanged for different rotation angular velocity.
And the density profile of the big component is almost the same
whether the small component exists or not, so the conclusion
of the big component in this situation is still valid for the
single-component BEC. Three kinds of density profiles of the
condensates have been classified according to the competition
among the chemical potentials and the effective potential
barriers.

We have obtained three kinds of spin textures for
the immiscible two-component BECs: annular skyrmion
(giant skyrmion), concentric double-annulus skyrmion and
a concentric double-annulus skyrmion with an embedded
skyrmion ring. The annular skyrmion has been observed
and studied in the harmonic traps but the last two kinds
of spin textures in this paper are new structures and could
not be observed in harmonic trapping potentials. Both of
the last spin textures contain a concentric double-annulus
skyrmion. Its topological charge is the sum of the ones
of two annular skyrmions, and the topological charge of
each annular skyrmion is equal to the absolute value of the
difference between the quantum number of circulation of
two components inside this annular skyrmion. We have also
studied the dynamical behaviours of the condensates under
external disturbance and proved that the spin textures in our
paper are robust under a small external disturbance or a slight
trap inhomogeneity. We have theoretically predicted these new

robust spin textures in the annular trap and expect that these
rich structures would be observed in experiments in the near
future.
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