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Abstract

In this paper we first derive a general method which enables one to create
expressions for vortices and monopoles. By using this method we construct
several order-parameters describing the vortices and monopoles of Bose—
Einstein condensates with hyperfine spin F = 1 and F' = 2. We concentrate
on defects which are topologically stable in the absence of an external magnetic
field. In particular we show that in a ferromagnetic condensate there can be
a vortex which does produce any superfluid flow. We also point out that the
order-parameter space of the cyclic phase of F = 2 condensate consists of
two disconnected sets. Finally we examine the effect of an external magnetic
field on the vortices of a ferromagnetic F = 1 condensate and discuss the
experimental preparation of a vortex in this system.

PACS numbers: 03.75.Mn, 03.75.Lm

1. Introduction

During the last ten years Bose—FEinstein condensates (BECs) of alkali atoms have turned
out to be an excellent system to create and observe several interesting phenomena, such
as topological defects [1, 2]. The best-known topological defect is a vortex, which in a
typical single component BEC appears as a long-lived line-like singularity in the particle
density. In a non-rotating trap, a vortex state cannot be energetically the ground state of
the system, but its decay is prevented by topological reasons. The continuous deformations
of the order-parameter which are needed in order to reach the ground state require more
energy than what is available from e.g. thermal excitations. In the presence of dissipation
the vortex can move to the boundary of the condensate and vanish, but even then it is stable
as long as it stays in the condensate. The creation of spinor BECs has made it possible to
have more complicated vortices and other topological structures than what are allowed by
a single component condensate [2—4]. By spinor condensates we mean BECs which have
all spin components trapped simultaneously and where spin dynamics between different spin
components is possible. For these reasons spinor condensates allow for richer topological
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structures than single component condensates. In experiments spinor condensates are realized
by using an optical trap to trap the condensed atoms. If a BEC is in a magnetic trap, only
particles which are in a low-field seeking state with respect to the quantization axis determined
by the local magnetic field remain trapped. When an optical trap is used there can still be
magnetic fields present. They are not needed to trap atoms, but e.g. to diminish the effect of
stray magnetic fields [5-8].

The existence of the topological defects is based on the fact that a BEC can be described
by an order-parameter . The order-parameter is a map from some region of physical space
into the order-parameter space M. By examining the properties of the order-parameter space
one can see what kind of, if any, topological defects are possible. This examination can be
carried out with the help of the homotopy groups of the order-parameter space.

The use of the theory of homotopy groups to characterize the topological defects of
physical systems was first used during the late fifties [9], but became widely known only in the
seventies; see e.g. [10]. Since then it has been successfully applied in several fields of physics,
such as condensed matter physics, particle physics and cosmology [10-15]. Homotopy
groups classify maps which can be continuously deformed into one another. Homotopy is a
mathematical notion giving an exact meaning for this kind of deformation. Homotopy groups
have turned out to be an effective way of characterizing and classifying topological defects.
This classification can be achieved if the order-parameter space M is identified with a quotient
space G/ H, where G is a group that acts transitively on the order-parameter space and H is a
suitably chosen subgroup of G.

If G/H is known, information on the topological defects can be obtained by calculating
the homotopy groups 7,(G/H),n = 0, 1, 2, 3. From these 7y(G/H) characterizes domain
walls, 1 (G/H) vortices and one-dimensional non-singular defects, 7, (G / H) monopoles and
two-dimensional non-singular defects, and 3(G/ H) three-dimensional non-singular defects.
Domain walls, vortices and monopoles are defects where the order-parameter has to vanish
at some point of the physical space. The non-singular defects are defects where the order-
parameter is nonzero everywhere, and the topological stability is imposed by the boundary
conditions. The elements of the homotopy group label the order-parameters in such a way
that those labelled by the same group element can be continuously converted into one another,
whereas if the configurations are labelled by different group elements, this is not possible. If
m,(G/H) = {e}, i.e. the nth homotopy group is a one-element group, no topologically stable
defects characterized by 7,(G/H) are possible.

This paper is organized as follows. In section 2 we derive a systematic way to find
expressions for vortices and monopoles. This method is based on the properties of the relative
homotopy groups, and it has not been presented before. In section 3 we review the properties of
spinor condensates and their ground states. As a new result we show that the order-parameter
space of the cyclic phase of ' = 2 condensate consists of two sets which are disconnected.
This is in contrast to the order-parameter spaces of other ground-state phases, which consist of
one connected set. In section 4 the method derived in section 2 is applied in the context of spinor
BEC:s to create order-parameters describing vortices and monopoles. Most of the expressions
for defects have not been presented before. These are then used to find the minimum energy
states of the defects and to study the superfluid velocity and angular momentum induced by
them. In particular we show that in a ferromagnetic condensate the presence of a vortex does
not have to lead to superfluid flow. In section 5 we show that the vortex of a ferromagnetic
F = 1 condensate derived in section 4 can exist also if the conservation of magnetization
is taken into attention. Additionally we show that in a ferromagnetic ' = 1 condensate the
conservation of magnetization may lead to stabilization of defects which are not stable if the
magnetization is allowed to vary freely. In section 6 we propose a way to create vortices in
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a ferromagnetic condensate. These vortices are stable in the absence of an external magnetic
field. This way is based on the use of a topological vortex creation method used before to
create defects which are stable in the presence of an external field. Finally in section 7 we
summarize the results of the paper and in appendix A we give the spin and rotation matrices
needed in the calculation of defects.

2. Finding expressions for vortices and monopoles

2.1. Introduction

In this section we develop a method for finding explicit expressions for vortices and monopoles.
The content of this section is quite mathematical, and those interested only in the applications
may jump to the next section. We briefly introduce some of the necessary concepts and fix
the notation. To save space we do not define all mathematical concepts needed; an interested
reader can find the definitions in any standard book on homotopy theory, such as [16]. We also
omit all proofs here; those can be found in [10, 17]. From now on all maps are assumed to be
continuous. In the following G is a Lie group and H is a closed subgroup of G. The subgroup /
can be writtenas H = HyU H; U H, U - -, where H;’s are the path components of H. The path
component containing the identity element e is denoted by Hy. It is a normal subgroup of H and
thus the quotient space H/ H is a group. The path components of H are cosets of H in Hy, i.e.
H; = h;H, for some h; € H. We define the n-dimensional disc by D" = {x € R"||x| < 1}
and the n-sphere by §” = {x € R""'||x| = 1}. We denote the nth relative homotopy by
7,(G, H, e) and an element of this group by [ f], where f : (D", §""!,s0) — (G, H,e) is
a map. Here the notation means that D" is taken to G, S"1toH, andsp € S" ' to e by
f. By [f] we denote the equivalence class determined by f. It consists of all maps which
are homotopic via maps of this type. If H = e, we write 7,(G,e) = 7,(G,e,e). If G
is path connected, 7, (G, g1) and 7, (G, g>) are isomorphic for all g;, g» € G, and we use
the notation 7, (G) to denote any , (G, g1). There is an exact sequence of homomorphisms
between relative homotopy groups. This sequence reads

D n(Gre) P (G H ) Ve (H @) P (G P @)
[
7,(G/H, H)

We have included in the sequence p,, which is an isomorphism determined by the map
p:G— G/H, g gH. If[f] € m,(G, H, e) then p.([f]) = [pf] € 7.(G/H, H).

2.2. Physical applications

Next we consider how previous results can be applied in physical systems. Now G is a
group that acts transitively on the order-parameter space M. The actionof g € Gonx € M
is denoted by g - x. We now choose an arbitrary element x,.y € M, called the reference
order-parameter, and define H = {g € G|g - X;ef = Xrer}. This is the isotropy group and it
is a closed subgroup of G. The order-parameter space M can then be identified with G/H.
The correspondence between the elements of M and G/H isx <& gH, g - xef = x. If Aisa
topological space and f : A — G is a map, then the map pf : A — G/H gives a map from
A to the order-parameter space, which is now represented by G/H. If the order-parameter
space is represented by M the corresponding map from A to M is given by ¢ : A — M such
that c(a) = f(a) - xr for all @ € A. When discussing the physical applications we assume
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that m,(G, e) = (G, e) = mp(G, e) = {e}, when y; and y, become isomorphisms. These
conditions hold for R and SU (2), which are the groups used in this paper.

2.2.1. Monopoles. Because m1(H, e) = m1(Hy, e), we see that 7,(G, H, e) and ;(Hy, €)
are isomorphic via y,. The map y,p, ' gives an isomorphism between 7,(G/H, H) and
m1(Hy, e). This isomorphism can be used in the calculation of 7,(G/H, H), since usually
it is quite easy to see what 7y (Hp, e) is [3, 10, 11]. Assume that [ f] € m(G, H, e) and
that f|g is the restriction of f to S', the boundary of D?. Then [flst] € m1(Hp, e). The
isomorphism y; is given by the map [ f] — [f]|s1]. We use (6, ¢) as the coordinates of D2,
that is, 6 is the distance from the centre of the disc and ¢ is the azimuthal angle. We take
the radius of D> to be . Let g : [0,27] — Hy be a map for which g(0) = g(2r) = ¢
and let 3 : D> — G be such that (8 = 7, @) = g(¢). If we also define sy = (7, 0),
then [g] € m2(G, Ho, e), [p&] € m2(G/H, H) and [g]s1] = [Zlo=x] = [g] € m1(Ho, €). As
explained above, [ pg] and [g] are mapped into each other by isomorphism y, p .

Next we construct a map from physical space into the order-parameter space G/ H which
describes a monopole with some given winding number. Now we use spherical coordinates
(r, 6, @) as the coordinates of the physical space R® and assume that the monopole is located
at the origin. The monopole we construct is independent of the r-coordinate. This assumption
is not necessary, but to avoid further complication we use it here. Let A = R\ {0}. We define
f:A—> G/Hby f(r,0,p) = g, 9)H. Then for each fixed r > 0[f] € m,(G/H, H)
and [ f] is the unique inverse image of [g] € m;(Hy, e) in the map y»p_ !, These elements
have the same winding number. Thus if one wants a map f : A — G/H, which describes
a monopole with a given winding number, he has to find § : D> — G such that [g|s—,] is
an element of 7| (Hy, e) with the wanted winding number. Then f is obtained by defining
f@r,0,9) = g@,9)H. The corresponding order-parameter x : A — M is defined by

-x(rv 91 (p) = g(@, §0) * Xref-

2.2.2. Vortices. The group structure of 7y(H, e) has to be defined a little differently than that
of other relative homotopy groups [10]. We define mo(H, e) = H/Hy = {Hy, H,, H, .. .}
and D' = [0,27]. Let g : D' — G be such that g(0) = e and g(27) € H,, for
some m € {0,1,2,...}. If we choose so = 0 then [g] € 7(G, H, ¢). The isomorphism
y1 :m(G, H,e) — my(H, e) is given by [g] — [g(27)], where [g(2n)] = H),.

We use cylindrical coordinates (r, z, ¢) as the coordinates of physical space and assume
that the vortex is located on the z-axis. We define A = R*\Re,, where Re, denotes the
z-axis. We define f : A — G such that f(r,z,0) = e and f(r, z,27) € H,,. Then for each
fixed (r,2) [f] € mi (G, H, e), [pf] € m1(G/H, H) and the image of [ f] in the isomorphism
yiis [f(r,z,2m)] = H, € mo(H, e). Thus f gives a vortex with the winding number
represented by H,, € myo(H, e). The corresponding order-parameter x : A — M is defined
by x(r, z, ) = f(r,z,¢) - xref. For a vortex constructed this way x(r, z, 0) = X for all
r > 0, z € R. This requirement can be relaxed, but for our purposes that is not necessary.

3. Spinor Bose-Einstein condensates

In this section we review the ground-state order-parameter spaces of spinor BECs. As a new
result we show that the order-parameter space of the cyclic phase consists of two disconnected
sets. A spinor in one set cannot be continuously converted into a spinor in the other set while
staying in the order-parameter space all the time. Only the order-parameter space of the cyclic
phase has this structure, since in other ground states the order-parameter space is connected.
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A spinor condensate of atoms with hyperfine spin equal to F, F = 1,2, ..., is described
in the mean-field theory by the order-parameter ¥, which can be written in the form
¥(r) = /n(r)&(r), where n(r) is the particle density, £(r) is the transpose of the complex
vector (£g(r), £p_1(r), ..., £_p(r)) and £(r)'&(r) = 1 [4, 18]. In the rest of the paper we
call £ the spinor. In some publications the term spinor refers to i, so one must be careful
with the terminology. When we determine the order-parameter space, we set the density
equal to one, so the order-parameter is just the spinor £.! If the normalization of £ is the only
restriction imposed on the order-parameter, the order-parameter space becomes S*/*!. This
space allows for no topological defects characterized by m,, withn = 0, 1, 2, 3. This is because
from the theory of homotopy groups it is known that 7, (S*/*!) = {e} forn = 0, 1,2, 3 and
F =1,2,3,.... However, for example the order-parameter space of an F' = 1 condensate
may be only a subset of S°. This can be inferred from the energy functional, which for an
F =1 condensate in the absence of external magnetic field reads [4, 18]

+1 2

2
Ely] = / &r ;_M_Z_l VY () - Vi (1) + V(@n(r) + ”(;)

[oeg + B (F)*1 ¢ . 2)

Here F is the (hyperfine) spin operator, (F) = & T(r)F&(r), M is the mass of the atom, V is the
external potential, oy = 4”7”2“‘”3&, B = %“23;"0, and ar is the s-wave scattering length in
the total spin F channel.

One sees that it is energetically favoured that either |(F)| = 0 or |(F)| = 1, corresponding
to the cases B > 0 and B; < O, respectively. When 8; > 0 the system is said to be
antiferromagnetic, whereas if 8; < 0 the system is said to be ferromagnetic. It turns out
that a group that acts transitively on the set of spinors fulfilling the condition |(F)| = 1 is
SU (2). This can be shown using a similar reasoning as that shown below in the context of the
ground-state phases of F = 2 condensates. SU(2) acts via its irreducible three-dimensional
representation, i.e. the spin rotations of an F' = l-particle. For spinors with |(F)| = 0
we choose G = R x SU(2), where R gives the gauge transformations of the spinor as
£ > e, 6 € R. As before, SU(2) describes spin rotations.

For an F' = 2 condensate the energy functional is [19]

K2 2 2
E[y] = / el ,-; VyE(r) - V() + VO + ”(,? (@2 + Bo(F)2 + 1| O(O)P)
3)
Here o = 1(4g2+3g4). B2 = —5(g2 — g4) and y» = 1(g0 — g4) — 3(g2 — g4), where

g = %2“" and ® = 286, — 2§16 + Eg. Asin an F = 1 system, the energy is invariant

in position-independent spin rotations and gauge transformations. The possible ground states
have been calculated in [19, 20], and can be classified as follows. (i) If 8,, y» > O the energy

! In principle the order-parameter space should be written as M’ = (R, x M) U {0}, where R, is the set of real
numbers larger than zero giving the possible values of the square root of the density, and M gives the order-parameter
space related to the density-independent part of the order-parameter. Now M consists of the possible values of the
spinor, while in the case of a single component condensate M = S', which characterizes the possible values of
the phase of the order-parameter. The point {0} denotes the case where the density is zero. One sees that if M’ is
the order-parameter space there are no topologically stable defects. Any order-parameter can be converted into any
other order-parameter via deformations which reduce the density to zero in an appropriate region of the physical
space. From a physical point of view this is unlikely to happen, since reducing density to zero is not energetically
favourable. In principle the necessary energy could come for example from thermal excitations, but in practice this is
unlikely to happen. Thus one can ignore the zero of density. Then the order-parameter space becomes R, x M. For
this m, Ry x M) = 7, (Ry) X 7, (M) = 7, (M), since 7, (Ry) = {e}. Thus, from the point of view of topological
defects, it is enough to study the structure of M only.
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is minimized when |(F)| = ® = 0. Spinors with these properties are called cyclic. (ii)) When
B> < 0, 3, > 0 the minimum is obtained by making [(F)| = 2, ® = 0, and the ground state
is ferromagnetic. (iii) If 8, > 0, y» < O the minimum is achieved by maximizing ©, i.e.
|®| = 1, and |(F)| = 0. The ground state is called polar or antiferromagnetic. (iv) Finally,
if ap and B, are both negative, the ground state is ferromagnetic for 4|8,| > |y»|, and polar
otherwise. This is because |(F)| and |®| cannot be maximized simultaneously.

Next we discuss briefly the structures of the order-parameter spaces of the ground
states. Since the interaction energy is invariant in gauge transformations and spin rotations
and B, y» are arbitrary, also |®| and (F)? are invariant in gauge transformations and
spin rotations. Furthermore, for every spinor & there is always a spin rotation R which
rotates the spinor so that in the rotated state R the spin is parallel to the z-axis, i.e.
(F) = (RE)'FRE = (R&)'F,REe, = (F,)e,. In the rotated state (F,) = (Fy) = 0.
Thus the spin-dependent terms in equation (3) can be written as B, (F;)% + y2|®|>. In the
cyclic phase the energy is minimized when (F;) = |®| = 0. Numerical calculations show
that the solutions to these equations are (up to a gauge transformation and a rotation about the
z-axis) CO = 3(1,0,v2,0, =1)", C1 = 7(1,0,0,v2,0)" and C1' = 52(0,v/2,0,0, )’
[21, 22]. All cyclic spinors can be obtained from these spinors by a gauge transformation and
a spin rotation. By exploiting the rotation matrix shown in the appendix one can show that
C1, C1’ can be rotated into each other, while for CO, C1 and C0, C1’ this is not possible. This
means that the order-parameter space of the cyclic phase consists of two disconnected sets, a
fact that has not been pointed out before. Formally this can is expressed as mo(G/H) = Z,.
The group G = R x SU(2) acts transitively on both disconnected set. In the ground state, the
system can consist of regions, some of which are in a C0 state and others are in a C1 state.
These regions are separated by a domain wall. This kind of structure is not possible in other
zero-field ground-state phases of ' = 1 or F = 2 condensates.

In the case of ferromagnetic ground states, the situation is simpler. Now the equations to
be solved are |®| = (F,) = (F,) = 0 and |(F;)| = 2. The only solutions (up to a phase) are
|F =2,mp =2)and |F = 2, mg = —2). These spinors can be rotated into each other, so the
order-parameter space is now connected. By examining the spinors obtained by a spin rotation
from the reference order-parameters one sees that in the case of a ferromagnetic condensate
we can choose G = SU(2) instead of R x SU(2).

Similar study for the polar phase shows that the order-parameter space of the polar phase
is connected but larger than R x SU (2). This complicates the study of polar defects, and they
will not be discussed here [3].

Before going to the details of defects we review the possible ground-state phases of some
alkali atom condensates. Experimental and theoretical results indicate that the F = 1 spinor
Bose—FEinstein condensate of 8’Rb is ferromagnetic [4, 6, 8, 23]. On the other hand, the F = 2
condensate of 8’Rb is probably polar [6, 7, 23]. The Rb F = 2 condensate seems to be polar
[23] and the 3*Rb isotope with F' = 2 ferromagnetic [19].

23Na scattering lengths determined in [24] indicate that >*Na F = 1 is antiferromagnetic,
as has been predicted in [4] and seen in experiments [5]. The ground-state phase of 2*Na
F = 2 spinor condensate appears also to be antiferromagnetic [19]. Experimental study of
this condensate is difficult because the | FF = 2, mg = 0) state decays within milliseconds [25].

4. Examples of defects in spinor condensates

Next we present several examples of vortices and monopoles in spinor condensates. In these
examples cylindrical coordinates (r, z, ¢) and spherical coordinates (r, 8, ¢) are used when
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discussing vortices and monopoles, respectively. In vortices the coordinate dependence is such
that at ¢ = 0 the reference spinor is obtained. The vortex cores are assumed to be straight
and located on the z-axis. Monopoles are located at the origin of the spherical coordinates. In
what follows the minimum energy of a vortex with given winding number is also studied. This
is calculated under the assumptions that the vortex stays fixed at the z-axis and the density n
is independent of ¢. The ground-state density can be assumed to cylindrically symmetric if
the external potential used to confine the condensate is cylindrically symmetric and the vortex
does not split. The latter is not true in general, since usually if a condensate is trapped in
a harmonic trap it is energetically favourable for a vortex with winding number larger than
one to split into winding number one vortices. In this case the particle density cannot be
cylindrically symmetric. The splitting can possibly be prevented by using a trap which is
steeper than harmonic [26] or by applying a repulsive potential in the vicinity of the rotation
axis [27, p 245].

4.1. Ferromagnetic condensates

Next we briefly examine the vortex configurations of ferromagnetic condensates. Here we
mean by ferromagnetic condensates systems whose ground-state spinor is |F,mg = F) or
any other spinor obtained from this by a spin rotation. A separate gauge transformation is
now unnecessary, as a spin rotation alone is able to produce that. We choose |F, mg = F)
as our reference order-parameter. The isotropy group is isomorphic with Z,r and the order-
parameter space is SU (2)/Zr; see [28]. The isotropy group for F = 1 and F = 2 has been
calculated explicitly in [3]. The winding numbers of topologically stable vortices range from
1 to 2F — 1. If the winding number of a vortex is m, the winding number of the antivortex is
2F —m. Especially, a vortex with winding number F is also its antivortex. If F = 1, the order-
parameter space is SO (3), since SU(2)/Z, = SO3) [4]. Because 7, (SU (2)/Zr) = {e}, in
ferromagnetic condensates monopoles are not topologically stable. Next we construct order-
parameters describing vortices in ferromagnetic F = 1 and F' = 2 condensates. The rotation
matrices needed in the calculations can be found in appendix A.

4.1.1. Ferromagnetic F = 1 condensate. Now H = {I, —I} € SU(2) and, as explained
in section 2, a vortex is given by a map f : R*\Re, — SU(2) such that f(r,z,0) = I
and f(r,z,2n) = —I for every z € R,r > 0. From the V-matrix (A.4) one sees that
this kind of map is obtained by choosing t such that t(r,z,0) = 0 and 7(r, z, 27) = 2.
The functions o and B can be arbitrary functions of position. The corresponding order-
parameter is ¥/ (r) = /n(r)&(r), where £(r) = f(r) - &t = V()& and VD is given in
equation (A.6). We get

I _

(cos
Y(r,z,0) =y/n(r,z,9) | —v/2e®sinBsinL(icosZ +cosBsinl) [ (4

D @in2 T i
—e”sin” 7 sin” B

. . n2
icos B sin %)

From the way this was derived it follows that this is defined only for » > 0. This order-
parameter can, however, be extended to whole R® by requiring that n(0, z, ¢) = 0. This is
needed in order to keep the order-parameter well defined at r = 0.

Next we try to find a spinor giving a vortex with the minimum energy. Now the superfluid
velocity is v = —i%f;‘*Vé. When the vortex has the smallest possible energy the velocity in
radial and z-directions can be assumed to vanish and thus the spinor is a function of ¢ only.
Additionally, the density is taken to be cylindrically symmetric. Using these assumptions the
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Euler-Lagrange equations obtained from the energy functional show that the vortex energy is

minimized when o = constant, 8 = % and t(r, z, ¢) = ¢. Thus the vortex takes the form

. o2
(cos £ —icosBsin %)
Y(r, z,9) =+/n(r,z) —ﬁei“sinﬂsin%(icos%+cosﬂsin%) . (5
diw i 2@ 2
—e”%sin® £ sin” B

Here we have not set 8 = 7, but have allowed it to have any value. This recalls a little the
expression for the coreless vortex shown in [4]. These are, however, different defects, since the
vortex of equation (5) cannot be converted into a non-vortex state by continuous deformations,
whereas for the coreless vortex this can be done?. Another difference is that in the case a
of coreless vortex the particle density does not vanish, while in the case of (5) the density
vanishes on the z-axis. The superfluid velocity for the vortex state (5)is v = — 2 C"fﬁ e, and if
B = 7 it vanishes. Thus, in contrast to a single-component condensate, in a spinor condensate
the existence of a vortex does not have to lead to a nonzero superfluid velocity. The same
phenomenon can be seen also in the orbital angular momentum. For the order-parameter (5) it
is L = —NTi cos Be;, which also vanishes if 8 = Z. The condensate does not have to contain
any orbital angular momentum although there is a vortex in it. If the condensate is in a state
with 8 = 0, it contains one unit of angular momentum per particle and the system is similar
to a single-component condensate with a vortex. In the presence of dissipation the angular
momentum does not have to be conserved, and the vortex can evolve towards the ground state
where the angular momentum vanishes. The kinetic energy of (5) is proportional to 3+cos 2,
which decreases monotonically as B increases from zero to 7. Thus there is no energetic
barrier which could render the vortex state with § = 0 metastable against conversion into the
ground-state vortex.

A vortex obtained from (5) by setting 8 = 0 has been presented before in [4]. The general
expression for the vortex shown in equation (5) or the behaviour of the angular momentum
and superfluid velocity have, however, not been discussed before. This also holds true of the
ferromagnetic F' = 2 vortices discussed next.

4.12. Ferromagnetic F = 2 condensate. The isotropy group is H = {I, —io, (—io,)?,
(—io,)3}, where o, is the z-component of the Pauli matrices. A map f,, : R*\Re, — SU(2)
represents a vortex with winding number m if f,(r,z,0) = [ and f,,(r, z,27) = (—io,)"
for every z € R, r > 0. If we parametrize SU (2) matrices as in (A.4), these conditions are
fulfilled if 7(r,z,0) = 0 and t(r, z, 27) = mm. Additionally, for m = 1, 3 the condition
B(r, z,2m) = 2km has to hold. Here k is an arbitrary integer. For m = 2 the function 8 can
be arbitrary. The order-parameter becomes

. RV
(cos% —icos B sin %)
i .ol . 1\3
2¢e"sin 3 smﬁ(lcos 5 +cos Bsin %)
— o L \2
VU, z,9) = yn(r, z, 9) \/gezw‘smzﬂ(cosﬁ—cosrcosﬂ+1smr) . (6)
2% sin’ L sin® B(i cos £ + sin § cos B)
b 304 T ind
e"*sin" 7 sin” B

The minimum energy of a vortex with winding number m is obtained when 7 (r, z, ¢) = mT“’

and & = &(p). If m = 2 the vortex minimizing the energy is obtained from equation (6)

2 The conservation of magnetization may change the situation. This is discussed in section 5.
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by replacing t with ¢ and setting 8 = 7. In this state, the superfluid velocity and
angular momentum vanish. We show that this is a general property of a winding number
F vortex in a ferromagnetic condensate with hyperfine spin F. This vortex is represented

by the element —I € H and a vortex can be written as ¥ (r,z,¢) = +/n(r, 2)&(p),

where £(p) = e “™Fg  n = (cosasing,sinasing, cosB) is a constant vector and
et = -IF,mF = 'F). If g = % we get n = (cosa,sina, 0) and vy, L, ~ ST%S =
_igref eupn'Fn : Fe_lwn'FEref = _i‘i:refn * Féref =0.

If m = 1, 3 the function g that minimizes the energy of a vortex is more difficult to find.
The obvious choice § = 0 is not the correct one, since for example B(p) = 8”;‘” produces
a smaller energy. Finding the ground states of vortices with m = 1, 3 will be left for future

publications, and will not be discussed here in more detail. If § = 0 the vortex is simply

Y(r, z,9) = /n(r, 2) ei’"‘p|F =2,mg=2),m=1,3.

4.2. Antiferromagnetic F = 1 condensate

It is advantageous to use the U matrix of equation (A.3) and corresponding representation
matrices when discussing the defects of an antiferromagnetic F = 1 condensate. The
reference order-parameter is chosen to be |FF = 1, mp = 0) and the isotropy group is H =
{(m27, U(p,0,0)), ((m+3)2m, gU(p,0,0))|¢ € [0,47], m € Z}, where we have defined
g = U(0,m,0). The connected component of the identity is Hy = {(0, U(g, 0, ¢))|¢ €
[0, 2]} [3]. Now vortices and monopoles are possible and both of them are classified by
integers. A general antiferromagnetic spinor can then be written as ¥ (r) = /n(r)&(r), where
£(r) = e?OUD(r)&; and UWD is shown in (A.5). Explicitly

—e7ie® \/% sin B(r)

Y (r) = /n(r)e’® cos B(r) . (7)

ele® % sin B(r)

4.2.1. Vortices. As can be seen from the isotropy group H, vortices with winding numbers
m and m + % are possible (m € Z). Using an analysis similar to that of ferromagnetic
condensates, a vortex with a winding number m can be shown to be given by (7) if 6 fulfils
the condition 6(r, z,0) = 0, 6(r, z, 2mr) = 2wm. Other angles can be chosen freely as long
as £(r, z,0) = &(r,z,2n) = |F = 1, mg = 0). Form + % condensates the requirements are
0(r,z,0) = 0,0(r,z,21) =2 (m + 1) and &(r, 2,0) = —£(r, z,27) = |F = I, mp = 0).
The superfluid velocity is v = %%e(ﬂ and it cannot vanish everywhere if there is a vortex
in the system. The orbital angular momentum is L = NTle,, where / is either m or m + %
In the following we assume that v (r, z, ) = /n(r, 2)€(¢). The spinor minimizing the
energy of a vortex with winding number m € Z is obtained when «, § are constants and
6(¢) = mg. If we choose B = 0 it becomes V1, (, z, @) = +/n(r, 2) e"¢|F = 1,mg = 0). A
winding number m + % vortex with minimum energy is given by (7) under the conditions that
O(r,z,2m) = (2m + §)7, a is constant and B = £,

—e i@ \/% sin %
im+1
Vet (2, 9) = V/n(r, 2) 2% cos & : ®)
e 1 oin @
€ 75 s 5

Properties of vortices of type (8) have been discussed before for example in [29-32].
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4.2.2. Monopoles. As explained in section 2, an expression for a winding number m
monopole can be found as an extension of a map g, : [0, 2wr] — Hp, where g, determines
the element of m|(Hy, e) with winding number m. Now we define g,,(¢) = (0, U(x,,(¢),
0, a,,(¢))), where «,, is such that «,,(0) = 0,a,,(27r) = 2am. We define a map g, :
D?> — R x SU(2) such that g,,(7, ¢) = gn(¢). Then f,, : R3\{0} —- [R x SU2)]/H,
Ju(r,0,0) = 2,00, 9)H gives a monopole with winding number m. A general form
for g, is 2,(0,90) = (5,0, ¢@), U(a, (@, @), Bu (0, @), ®,(0, ¢))) with the conditions
A (T, @) = (@), Bu (T, @) = (7, @) = 0, which follow from &m0 =7, ¢0) = gn(p).
From the continuity of g,, it also follows that §,,(0, ¢) = 0 and 8,,(0, ¢) = 2k + 1) with k
an arbitrary integer.
By a simple change of basis equation (7) can be cast in the form

cos o, sin By,

Um(r, @, 0) = /n(r, 0, p)e® | sina,, sin gy | . 9)

—cos B

Here we have substituted 8, «;,, Bx for 0, «, B, respectively. If 6 = 0 the above spinor is a real
and normalized three-component vector. Then there is an integral equation

1 2 pm 9 g 9 g
w=— / d(pd@é-(—x—) (10)

4 0 0 a0 a )
which gives the winding number w of the monopole; see [12] or [33]. Using this equation
one can confirm that by assuming §,, = 0 and that g,, fulfils the conditions stated above, the
winding number of the spinor in equation (9) is m. For a non-constant §,, the winding number
is the same, as it does not depend on the form of §,,. From equation (9) one sees that the
superfluid velocity vanishes if and only if §,, is a constant function. This follows from the fact
that § = constant <= &/V& € R’. Because v = —iL&fVE € R?, it follows that v = 0 if

and only if §,, is a constant.

While it is instructive to know what are the general requirements for a spinor to represent a
monopole, it is important to see that the typical expression for a monopole can also be obtained
as a special case of above equations. If we choose g, such that §,, = 0, «,, (8, ¢) = mgp and
B0, ¢) = 2k + 1)(w — 0), where k is an arbitrary integer, all the requirements for 6,,, o,
and B, are fulfilled and the monopole becomes

cos(me) sin[(2k + 1)0]

Y (r, @,0) = +/n(r, 0, ¢) | sin(me) sin[2k + 1)6] | . (11
cos[(2k + 1)0]

Choosing k = 0 gives the usual expression for a monopole. It has been presented in the context
of BEC before for example in [34, 35], but the requirements for a general expression of a
monopole and its properties have not been discussed before. A monopole withm =1,k =0
has been numerically studied in [34, 35].

4.3. Cyclic states

The defects of the CO phase have already been discussed in [3], so here we concentrate on
the defects of the C'1 phase. The isotropy group H has not been calculated before, so we
have to do it here. For the SU (2)-matrices we now use the U-representation shown in (A.3).
The reference spinor is chosen to be C1 = \/Lg (1,0,0, \/E, 0)” and a general expression for a
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spinor is

e [cos* § — V263 sin? § sin ]
e [ 37 (cos B — cos(2)) ++/2 cos? £ sin,3]
3 cos B+ +/2sin B] . 12)
Wj/fw[ 3”/ (cos B +cos(2B)) ++/2sin” & sin ]

2'1;;) [sin* £ + 2% cos? £ sin 8]

Equating this with the reference spinor C 1 shows that the isotropy groupis H = { (27” (2n+3m),
U(sz”,O, O))|m € Z,n =0, ...,5} C R x SU(2) and Hy = (0,I). This means that only
vortices, not monopoles, are topologically stable. H/Hy = H is isomorphic to the group
7 x Zg, the isomorphism is given by the map (2” (2n+3m), U(Z”” 0, 0)) > (m,n) € ZxZs.
Therefore vortices are classified by two winding numbers (m, n) and those with different m
cannot be converted into one another. However, for vortices with winding numbers (m, n) and
(m, n + 6) this is possible.

A vortex with winding numbers (m, n) is given by f,, :R*\Re, - R x SU(2) such
that f,,,(r,z,0) = e and f,, ,(r, 2, 2m) = (F(2n + 3m), (ZT, 0)) forallz € R, 7 > 0.
Now we define f, , by fu..(r,z,¢) = (%(Zn +3m), U(‘% 0, 0)) The corresponding order-
parameter is

Y, z,9) = Vn(r, z, ¢) €’

L
7§ elpm
0
V(r.z,9) = V/n(r,2) 0 : (13)
2 ei¢(m+n)
0
This is also the order-parameter that minimizes the vortex energy. The superfluid velocity and
angular momentum are v = — Mhr (m + 2”) e, and L = N (m + 2") e,.

5. Effects of external magnetic field and magnetization

So far we have assumed that there is no external magnetic field present. Now we consider
the situation where the condensate is placed in a magnetic field directed parallel to the z-axis.
To the second order in the strength B of the magnetic field the energy from the field can be
written as [27]

EB[l/f]=/d3rn(r)[VB(r)( o) +eBA(F7)], (14)

where y and e are constants. For *’Rb and **Na these are y = +%4& and ¢ = F 4 £ -
Here up is the Bohr magneton, AFEy; is the hyperfine splitting between F = 2 and
F = 1 states and upper (lower) sign refers to ¥ = 2 (F = 1). In the presence of a
magnetic field, the conservation of magnetization has to be taken into attention. If the
magnetic field is parallel to the z-axis the magnetization is defined by M = [ d&*r n(r)(F,) =
f dra@) Z;:f rJl&; ®H = 1). Magnetization can have any value between —N F and
NF, where N is the particle number. In the absence of an external magnetic field the
magnetization is a meaningless quantity because of the lack of a well-defined quantization
axis of the hyperfine spin. In the presence of a magnetic field the magnetization is a well-
defined and often conserved quantity since the collisions that do not conserve magnetization
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occur usually in a timescale much longer than a typical lifetime of the condensate. The
conservation of magnetization has been experimentally verified [6, 8]. Thus the energy of the
system should be minimized under the assumption of fixed M. If we consider weak values of
the magnetic field it is enough to include only the first term in equation (14) in the energy. If
the magnetic field is spatially constant this term is just magnetization multiplied by a constant.
Thus the ground state is determined by the value of magnetization, and does not depend on the
strength of the magnetic field, as long as the quadratic term in the magnetic field is negligible.

If the external field is absent the minimum of energy is obtained (if F = 1) when
either [(F)| = 0 or [(F)| = 1. If external field is present the energy has to be minimized
under the assumption of conserved magnetization. For a ferromagnetic ' = 1 condensate
any magnetization can be produced while |(F)| = 1. Thus in this case the ground state is
obtained if one finds an order-parameter which produces the given magnetization and fulfils the
condition |(F)| = 1. On the other hand, if |(F)| = O the only possible value for magnetization
is zero. If the magnetization is nonzero and the system is antiferromagnetic, the condition
|(F)| = 0 cannot be satisfied everywhere. In this case the calculation of the ground state is
more difficult. The situation is similar in the cyclic and polar (antiferromagnetic) phases of
F = 2 system.

Next we assume that only the term linear in the magnetic field is included in the energy
and show that the previously calculated vortex of a ferromagnetic F = 1 condensate is
possible for an arbitrary value of the magnetization. Direct calculation shows that for the
vortex of equation (5) the magnetization is N cos® 8. Any magnetization between 0 and N can
be obtained as B is varied between 7 and 0. The vortex with minimum energy is obtained
when magnetization vanishes. Because equation (5) is obtained using |F = 1, mg = 1) as
the reference order-parameter, it is not surprising that positive values of magnetization are
favoured by it. A vortex configuration which has negative magnetization can be obtained by
choosing |F = 1, mg = —1) as the reference spinor and calculating a representative of a vortex
as before. The magnetization turns out to be equal to —N cos? 8. The vortices corresponding
to different choices of the reference order-parameter have different magnetizations, but if
the magnetization is allowed to vary, these vortices can be converted continuously into one
another. Thus they are similar from topological point of view.

Next we see that setting magnetization fixed makes new kind of defects stable. If we
choose B = 7 in equation (4), multiply the spinor by ¢l and redefine o — o + 7, we get

e cos? £

Y(rz,0) = Vn(rz,9) | 75 sinT [ (15)

ei(20{+9) Sil’12 %

This is an alternative parametrization for a ferromagnetic spinor. From the form of the order-
parameter one might assume that a vortex is obtained if 0 = mg and @ = ng withm, n integers.
Like before, we assume that the vortices are straight and located on the z-axis. We also require
that n = n(r, z), T = t(r, 7). The latter assumptions mean that the particle density of each
spin component is cylindrically symmetric®. The magnetizationis M = [ d*rn(r) cos 7 (r, z),
which shows that (15) can produce any magnetization if 7 is chosen properly. Topologically
the decay of a vortex in one component can now only be achieved by converting all atoms from
that spin state into other states. From the above spinor one sees that always two components
vanish simultaneously. When this happens magnetization is +/N. Thus if the magnetization is
fixed and different from £/, one cannot make any spin component vanish while keeping the
magnetization fixed. If the magnetization is different from +N, the order-parameter space is

3 These kinds of vortices are called axisymmetric in [37, 39].
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S' x S!, since the phase of two components can be chosen freely. The dynamical stability and
dynamics of these type of vortices has been studied in [36—40]. However, their topological
stability following from the conservation of magnetization has not been pointed out before.
If the order-parameter is of the form (15), vortices appear in each spin component separately.
This means that the total density does not have to vanish, unless there is a vortex in every
component. If there is one spin component without vortex the system is a coreless vortex. For
example by choosingm = 0,n = 1 orm = 1,n = —1 one gets an expression for a coreless
vortex.

If the magnetization is not a conserved quantity, vortices with even m can be converted
into a uniform configuration and those with odd m are equivalent with the winding number
one vortex of equation (5). This is because in zero field r can be converted into a map for
which 7(r) = 0 holds for all r. Then the spinor becomes ¢”¢|F = 1, mg = 1). This in turn
is equivalent with a vortex with winding number zero or one for m even or odd, respectively;
see [4].

Above we have assumed that the particle densities of different spin components are
symmetric. It is possible that a deviation from this allows a continuous decay of vortex. This
is also indicated by numerical studies [39].

If the magnetic field is strong, the term quadratic in the magnetic field has to be included
in the energy. Also in this case the magnetization is conserved, and vortices which are possible
when only the linear term is included remain topologically stable.

6. Creation of defects

Next we propose a method to create vortices in a ferromagnetic condensate. These vortices are
topologically stable also in the absence of an external magnetic field. In [41, 42] a way to create
a vortex exploiting the spin degree of freedom has been studied. In this method a condensate
in a low-field seeking state is prepared in an Ioffe—Pritchard trap. Initially the magnetic field
in the z-direction is assumed to be much stronger than the magnetic field B, in the xy-plane.
The z-component of the field B, is then reversed slowly, while keeping B, fixed. In this way
a vortex with winding number 2F is created, F being the hyperfine spin of the condensate
atoms. The feasibility of this method has been experimentally verified using a >*Na condensate
prepared in the low-field seeking states |FF = 1, mp = —1) or |F = 2, mg = +2) [43]. Since
a vortex with a winding number larger than one is energetically unstable against decay into
winding number one vortices, it is presumed that vortices created this way will split. In the
case of F = 1 >Na condensate this has been seen to occur [44], and it is expected to happen
also in the F' = 2 case. In addition to creating defects which are stable in the presence of
magnetic field, we propose how a modification of this method can be used to create 2 F vortices
with winding number one in a ferromagnetic condensate with hyperfine spin F. These vortices
are stable in the absence of an external magnetic field. To create these vortices, in addition to
an Joffe—Prichard trap, an optical trap is needed. First a vortex with winding number 2F is
created in the previously described way. Then one waits until the vortex decays into winding
number one vortices. Then B is turned off, and the optical trap is turned on simultaneously.
This does not change the spin state because it is assumed that B, > B, . The remaining field
in the z-direction can then be reduced to zero, and vortices are allowed to evolve in the optical
trap. If the magnetic trap is turned off before the vortex has split, the vortex can in principle
continuously convert into a non-vortex state. This is possible, for example, if the vortex
reverses the rotation which was used to create it. This is prevented by letting the vortex split
before turning off the Ioffe—Pritchard trap. In experiments there are usually stray ac magnetic
fields, so the creation of zero-field defects requires effective magnetic shielding, which can be
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troublesome. Achieving this would, however, be rewarding, as it would allow one to change
the topological stability of vortices as a function of the magnetic field.

The creation of monopoles is not as straightforward as that of vortices, but a method for
this has been proposed in [45].

7. Conclusions

In this paper we have first derived a systematic way to create explicit expressions for vortices
and monopoles. This method requires the calculation of the first and second homotopy groups
of the order-parameter space G/H. This can be achieved by using equations obtained from
the exact sequence of relative homotopy groups. After this the expressions for defects can be
constructed by finding suitable mappings from the physical space into the group G.

We have created examples of vortices and monopoles in spinor Bose—Einstein condensates
using this method. Especially the defects in zero external magnetic field have been discussed.
We have presented examples of vortices in ferromagnetic F = 1 and F = 2 condensates
and vortices and monopoles in antiferromagnetic F = 1 condensate. We also pointed out
that the order-parameter space of the cyclic phase of F = 2 condensate consists of two
disconnected sets. The properties of one of the sets have been studied previously in [3]. Here
we calculated the topological defects of the other set and showed that vortices classified by
Z x Zg are topologically stable, whereas monopoles are not possible. Also the superfluid
velocity induced by the defects is examined. It has been shown that in a ferromagnetic
condensate with hyperfine spin F' the presence of a vortex with winding number F does not
have to induce nonzero superfluid velocity or orbital angular momentum.

We have also studied the effect of a magnetic field, concentrating on a ferromagnetic
F = 1 condensate. It has been shown that a vortex which is topologically stable in the
absence of a magnetic field is also possible if the magnetization has a fixed value. This means
that it is also possible if there is a homogeneous magnetic field present. In addition to this,
we have found out that the conservation of magnetization may stabilize vortices which are not
topologically stable if the magnetization can vary freely. Thus there can be a transition from
a vortex state to a non-vortex state as the magnetic field strength is lowered to zero. Finally a
method to create vortices which are topologically stable in the absence of a magnetic field has
been suggested.
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Appendix. Spin matrices and rotation operators

The spin matrices for F' = 1 are

010 L0~ 0 10 0
Fo=—11 0 1], Fob=—1i 0o -il, FE=|oo0 o],
V2\o 1 o V2 \g 0 00 —1
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and those of F = 2 are

0 2 0 0 0 0 -2 0 0 0
120\/600 120_‘/600
szzo%oﬁo, F\=50«/60—\/60,
0 0 6 0 2 0 0 V6 0 =2
0 0 0 2 0 0 0 0 20(A.2)
200 0 0
010 0 O
F.=]10 0 0 0 0
000 -1 0
000 0 =2

Here we have set i = 1. Depending on the system studied, the elements of SU (2) have been
written either in the form

—iaF. .—ifF, .—iyF. cos b e (@2 —sin § el
U(a,B,y)=¢e ‘e ve WE — s ) 5 5 , (A.3)
sin 5 e710=®/2 - cos £ el
or in the form
T i T F a0 oin T oo
. cos s —isinscosB —ie sin5sinf
Vit,a,p) =e im0 = 2 2 : , (A4)
—ie®sinfsinB  cosi +isinicosp
2 2 2
where n = (cosasinf, sinasin 8, cos 8) and 0 = (oy, 0y, 0;) is a vector formed from

Pauli matrices. The V-matrix has been used when discussing the ferromagnetic condensates,
otherwise the U-matrix has been used. (2F + 1)-dimensional irreducible representations
of these matrices are given by the maps U(x, 8,y7) — U (@, B,y) and V(r,a, B) —
VO (z, o, B). Here UP) (a, B, y) = exp(—ia F,) exp(—if Fy) exp(—iy F,), VO (z, o, B) =
exp(—itn-F) and F is the spin operator of spin F' system. In this paper, we need explicit
expressions for UF) and V) for F = 1, 2. For F = 1 these are

—i(a+y) 2B _e-iw L —i(@=y) ¢jn2 £
e cos” 5 e ﬁsmﬂ e sin” 5

1 —iy 1 iy 1 o
UD, B, y)=| e 5 sin B cos B —e¥ I sin B (A.5)
el@=1) sin2 & ei"‘% sinf @) cos? £
and
. .2 . (Cl+cost)cos B—isi
(cos Z —icos Bsin %) el gjn glreosticos fising 1+°°”)£5ﬂ 1sme
1 I R . .
VI (e, B) = | —v/2¢e sin B sin %(1 cos 5 + cos B sin %) cos? 3 +(c?s(2;8)) su;zé
_p2io (302 T 302 e o —l+cos 7) cos Btisint
e sin” 7 sin” 8 e smﬂ—ﬁ

—e 2% gjp? 5 sin® 8

’3 (—1+cos 7) cos B+isin T

L . (A.6)
(Cos 5 +icos Bsin %)2

—e " sin
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UP(a, B,y) =

For F = 2 the spin rotation matrix is
e~ 2i@) cogt B —e~ @+ sin B cos? £
e @2 gin Bcos? £ e @) L (cos B + cos 2B)
e—2iv «/Tg sin? B e v JTE sin2p
el@=21) sin B sin® g e@=) 1 (cos B — cos 2B)

2i(@—y) gin# £ 12a—y) i in2 8
e sin” 5 e sin B sin” 5

e—ziadTE sin? B

—e 8 5in2p
1(1+3cos2B)
el JTB sin 2
eZia«/Tg sin? B

—e~1%2=7) 5in B sin? g
e @M 1(cos B — cos2p)
—elr Y0 5in 28
el@) 1 (cos B + cos 2)
ci2aty)

672i(a7y) Sil’l4 g
_e—i@=2y) ¢; 2 B
e [sm B sin” 5
2iy /6 in2
e varsin® B
—el@27) 5in B cos? £
eZi(a+y) COS4 g

(A7)

sin B cos? %

References

(1]
[2]
(3]
[4]
(3]
[6]

[7]
(8]

[9]
[10]
(11]
[12]
[13]
[14]

[15]
[16]
[17]
(18]
[19]
(20]
[21]
(22]
[23]
[24]
[25]

[26]
(27]

(28]
[29]

(30]
(31]
(32]

Fetter A L and Svidzinsky A A 2001 J. Phys.: Condens. Matter 13 135

Kasamatsu K, Tsubota M and Ueda M 2005 Int. J. Mod. Phys. B 19 1835

Mikeld H, Zhang Y and Suominen K-A 2003 J. Phys. A: Math. Gen. 36 8555

Ho T-L 1998 Phys. Rev. Lett. 81 742

Stenger J, Inouye S, Stamper-Kurn D M, Miesner H-J, Chikkatur A P and Ketterle W 1998 Nature 396 345

Schmaljohann H, Erhard M, Kronjéger J, Kottke M, van Staa S, Cacciapuoti L, ArltJ J, Bongs K and Sengstock K
2004 Phys. Rev. Lett. 92 040402

Kuwamoto T, Araki K, Eno T and Hirano T 2004 Phys. Rev. A 69 063604

Chang M-S, Hamley C D, Barrett M D, Sauer J A, Fortier K M, Zhang W, You L and Chapman M S 2004
Phys. Rev. Lett. 92 140403

Finkelstein D and Misner C W 1959 Ann. Phys. 6 230

Mermin N D 1979 Rev. Mod. Phys. 51 591

Trebin H-R 1982 Adv. Phys. 31 195

Rajaraman R 1982 Solitons and Instantons (Amsterdam: North-Holland)

Vollhardt D and Wolfle P 1990 The Superfluid Phases of Helium 3 (London: Taylor and Francis)

Vilenkin A and Shellard E P S 1994 Cosmic Strings and Other Topological Defects (Cambridge: Cambridge
University Press)

Volovik G E 2003 The Universe in a Helium Droplet (Oxford: Clarendon)

Hatcher A 2002 Algebraic Topology (Cambridge: Cambridge University Press)

Steenrod N 1951 The Topology of Fibre Bundles (Princeton, NJ: Princeton University Press)

Ohmi T and Machida K 1998 J. Phys. Soc. Japan 67 1822

Ciobanu C V, Yip S-K and Ho T-L 2000 Phys. Rev. A 61 033607

Ueda M and Koashi M 2002 Phys. Rev. A 65 063602

Sengstock K 2004 Talk Presented at the KITP Conf. ‘Quantum Gases’ (Santa Barbara)

Saito H and Ueda M 2005 Phys. Rev. A 72 053628

Klausen N N, Bohn J L and Greene C H 2001 Phys. Rev. A 64 053602

Crubellier A, Dulieu O, Masnou-Seeuws F, Elbs M, Knockel H and Tiemann E 1999 Eur. Phys.J. D 6 211

Gorlitz A, Gustavson T L, Leanhardt A E, Low R, Chikkatur A P, Gupta S, Inouye S, Pritchard D E and Ketterle W
2003 Phys. Rev. Lett. 90 090401

Lundh E 2002 Phys. Rev. A 65 043604

Pethick C J and Smith H 2002 Bose—Einstein Condensation in Dilute Gases (Cambridge: Cambridge University
Press)

Ho T-L 1982 Phys. Rev. Lett. 49 1837

Leonhardt U and Volovik G E 2000 Pis’ma Zh. Eksp. Teor. Fiz. 72 66

Leonhardt U and Volovik G E 2000 JETP Lett. 72 46

Zhou F 2001 Phys. Rev. Lett. 87 080401

Zhou F 2003 Int. J. Mod. Phys. B 17 2643

Mueller E J 2004 Phys. Rev. A 69 033606


http://dx.doi.org/10.1088/0953-8984/13/12/201
http://dx.doi.org/10.1142/S0217979205029602
http://dx.doi.org/10.1088/0305-4470/36/32/302
http://dx.doi.org/10.1103/PhysRevLett.81.742
http://dx.doi.org/10.1038/24567
http://dx.doi.org/10.1103/PhysRevLett.92.040402
http://dx.doi.org/10.1103/PhysRevA.69.063604
http://dx.doi.org/10.1103/PhysRevLett.92.140403
http://dx.doi.org/10.1016/0003-4916(59)90080-6
http://dx.doi.org/10.1103/RevModPhys.51.591
http://dx.doi.org/10.1080/00018738200101458
http://dx.doi.org/10.1143/JPSJ.67.1822
http://dx.doi.org/10.1103/PhysRevA.61.033607
http://dx.doi.org/10.1103/PhysRevA.65.063602
http://dx.doi.org/10.1103/PhysRevA.72.053628
http://dx.doi.org/10.1103/PhysRevA.64.053602
http://dx.doi.org/10.1007/s100530050303
http://dx.doi.org/10.1103/PhysRevLett.90.090401
http://dx.doi.org/10.1103/PhysRevA.65.043604
http://dx.doi.org/10.1103/PhysRevLett.49.1837
http://dx.doi.org/10.1134/1.1312008
http://dx.doi.org/10.1103/PhysRevLett.87.080401
http://dx.doi.org/10.1142/S0217979203018399
http://dx.doi.org/10.1103/PhysRevA.69.033606

Explicit expressions for the topological defects of spinor Bose—Einstein condensates 7439

[33]
(34]
[35]
(36]
[37]
(38]
[39]
(40]
[41]
(42]
[43]

[44]

[45]

Arafune J, Freund P G O and Goebel C J 1975 J. Math. Phys. 16 433

Stoof H T C, Vliegen E and Al Khawaja U 2001 Phys. Rev. Lett. 87 120407

Ruostekoski J and Anglin J R 2003 Phys. Rev. Lett. 91 190402

Isoshima T, Machida K and Ohmi T 2001 J. Phys. Soc. Japan 70 1604

Isoshima T and Machida K 2002 Phys. Rev. A 66 023602

Mizushima T, Machida K and Kita T 2002 Phys. Rev. Lett. 89 030401

Mizushima T, Machida K and Kita T 2002 Phys. Rev. A 66 053610

Martikainen J-P, Collin A and Suominen K-A 2002 Phys. Rev. A 66 053604

Ogawa S-I, Mottonen M, Nakahara M, Ohmi T and Shimada H 2002 Phys. Rev. A 66 013617

Mottonen M, Matsumoto N, Nakahara M and Ohmi T 2002 J. Phys.: Condens. Matter 14 13481

Leanhardt A E, Gorlitz A, Chikkatur A P, Kielpinski D, Shin Y, Pritchard D E and Ketterle W 2002 Phys. Rev.
Lett. 89 190403

Shin Y, Saba M, Vengalattore M, Pasquini T A, Sanner C, Leanhardt A E, Prentiss M, Pritchard D E and
Ketterle W 2004 Phys. Rev. Lett. 93 160406

Chang D E 2002 Phys. Rev. A 66 025601


http://dx.doi.org/10.1063/1.522518
http://dx.doi.org/10.1103/PhysRevLett.87.120407
http://dx.doi.org/10.1103/PhysRevLett.91.190402
http://dx.doi.org/10.1143/JPSJ.70.1604
http://dx.doi.org/10.1103/PhysRevA.66.023602
http://dx.doi.org/10.1103/PhysRevLett.89.030401
http://dx.doi.org/10.1103/PhysRevA.66.053610
http://dx.doi.org/10.1103/PhysRevA.66.053604
http://dx.doi.org/10.1103/PhysRevA.66.013617
http://dx.doi.org/10.1088/0953-8984/14/49/306
http://dx.doi.org/10.1103/PhysRevLett.89.190403
http://dx.doi.org/10.1103/PhysRevLett.93.160406
http://dx.doi.org/10.1103/PhysRevA.66.025601

	1. Introduction
	2. Finding expressions for vortices and monopoles
	2.1. Introduction
	2.2. Physical applications

	3. Spinor Bose--Einstein condensates
	4. Examples of defects in spinor condensates
	4.1. Ferromagnetic condensates
	4.2. Antiferromagnetic
	4.3. Cyclic states

	5. Effects of external magnetic field and magnetization
	6. Creation of defects
	7. Conclusions
	Acknowledgments
	Appendix. Spin matrices and rotation operators
	References

