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Interaction of half-quantized vortices in two-component Bose-Einstein condensates
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We study the asymptotic interaction between two half-quantized vortices in two-component Bose-Einstein
condensates. When two vortices in different components are placed at distance 2R, the leading order of the
force between them is found to be (In R/& — 1/2)/R3, in contrast to 1/R between vortices placed in the
same component. We derive it analytically using the Abrikosov ansatz and the profile functions of the vortices,
confirmed numerically with the Gross-Pitaevskii model. We also find that the short-range cutoff of the intervortex

potential linearly depends on the healing length.
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I. INTRODUCTION

Multicomponent condensations appear in many systems
in condensed matter physics and quantum chromodynamics
(QCD), from multicomponent or spinor Bose-Einstein con-
densates (BECs), superfluid *He, and multigap superconduc-
tors to chiral phase transition or color superconductors in
QCD at high temperature and/or high density. Especially,
multicomponent and spinor BECs admit a rich variety of
topological excitations: domain walls [1], Abelian [2] and
non-Abelian [3] vortices, monopoles [4], 2D Skyrmions [5],
3D Skyrmions [6,7], vortons [8], knots [9], and D-brane
solitons [10]. See Refs. [2,11,12] for reviews. Among these
topological excitations, quantized vortices in multicomponent
BECs are the most important subject, because they are closely
related to the problems not only in other condensed matter
systems such as superconductors, superfluids, magnetism, and
liquid crystal, but also in electroweak theory [13], QCD, and
grand unified theories in high-energy physics, neutron stars,
and cosmic strings in cosmology [14,15].

Interactions between quantized vortices are important
information to determine the equilibrium configuration and
dynamics of many vortices. It is known that, in a single-
component BEC, the asymptotic interaction energy per unit
length of two parallel vortex lines separated by a distance R is
proportional to In(L /R), where L is the size of the system [16].
Thus, the intervortex force has 1/R dependence. Vortices in a
BEC resemble with global vortices in relativistic field theories
[17-20]. A relation between them was studied in Ref. [20],
where it was suggested that spinning global vortices on a
Lorentz violating background behave as superfluid vortices.
Global vortices are regarded as global cosmic strings or
axion strings in cosmology and the intervortex force between
two global vortices was shown to be 1/R [18], coinciding
with the one in vortices in a scalar BEC, scalar superfluid,
and the XY model. Global vortices also appear in QCD—in
chiral-phase transition of QCD at high temperature or high
density [21,22] or color superconductor of extremely high
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density QCD [23,24]. Intervortex force at large distance R
was derived analytically at the leading order as 1/R for color
superconductor [24] and cos &/ R with a relative orientation «
of two vortices in the internal space for chiral-phase transition
[22]; see Ref. [25] for a review.

However, the analytic formula of the vortex-vortex in-
teractions in multicomponent BECs are still missing. Two-
component BECs are the simplest example of the multicompo-
nent condensates and have also attracted much interest to study
the novel phenomena not found in a single component BEC.
Recent experiments provide a good ground of study on the
vortex-vortex interaction in two-component BECs by tuning
s-wave scattering length via a Feshbach resonance [26-28].
The minimally quantized vortex in two-component BECs has
the winding number one half of a singly quantized vortex
in scalar BECs, and thus is often called a half-quantized
vortex. Its mass circulation is fractionally quantized when
mass densities of two condensates are different. Such a
quantized vortex in two-component BECs has a composite
structure, where a vortex core in one component is filled
by the density of the other component. This vortex structure
was created experimentally through coherent interconversion
between two components [29]. Interactions between the
vortices in the different components are nontrivial because
the two components interact only through the density, so
that the vortex winding around one component does not
directly experience the circulation of the other vortex winding
around the other component. This fact results in an indirect
interaction, where the filling component of each vortex core is
affected by the circulation created by the vortex in the same
component, dragging the vortex in which it is filled. Although
the interactive dynamics of two vortices in two-component
BECs was studied numerically by Ohberg and Santos [30], the
analytical form of the interaction force was not discussed.

In this paper, we consider the asymptotic interaction
between two vortices in two-component BECs. We consider
the vortex-vortex interaction for two cases: (i) two vortices
are placed in the different components and (ii) those in the
same component. For the case (i), the leading order of the
intervortex force between them at distance 2R is found to be
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(In R/& — 1/2)/R? with the short-range cutoff £, in contrast to
the one 1/ R for the case (ii) and vortices in a single-component
BEC. We derive it analytically using the Abrikosov ansatz and
the asymptotic profile functions of the vortices. We then con-
firm it numerically. We also find that the short-range cutoff & of
the intervortex potential linearly depends on the healing length.

This paper is organized as follows. Section II is devoted to
deriving the analytic form of the asymptotic intervortex force.
In Sec. III, we confirm the analytic results obtained in Sec. II
by numerical calculations of the Gross-Pitaevskii equation.
Summary and discussions are in Sec. I'V. In the Appendix, we
describe some details of the calculation of integrals in Sec. II C.

II. STATIC INTERVORTEX FORCES
A. The model

We start with an energy functional for two-component BEC
system,

E(W,¥) = KV, W) + V(¥ ,¥)), (1)
h2
K=|d —— VY, ), 2
/ xZ( o Vi ) 2)
i=1,2

3 8i 4 2 2
Vv=|d 2Ly, VARG , 3
/ x[,-;22| * + giol 1||2|} 3)

where W; is a condensate wave function of the i-th component
(i = 1,2) with mass m;. The coupling constants g1, g, and g
stand for the atom-atom interactions; the ¥, and W, compo-
nents repel or attract for g1, > 0 or gj» < 0, respectively. The
coupled Gross-Pitaevskii (GP) equations are obtained by the
variational principle i70,W; = §E /SW] as

272

ihd, W) = <— + g1lW > + g12|‘1’2|2> v, @)
Zml
2v72

ihd, W, = <— + &2 Ws|? + g1o| ¥ |2> . (5)
2]’/12

The stationary coupled GP equation is given by considering
a time-dependence W;(x,t) = e~imit/mg, (x) with the chemical
potential pu;:

B thZ
- 211V + g2 Wa(x)[* | W (x) = 0,
1
(6)
S )
T o, et SV X)* + g W (X)|* [Wa(x) = 0.
2

)

The potential energy V with the quadratic terms —pu;|¥;|> —
(2w, |? induced by the chemical potential is a quadratic
function of X = |¥|> > 0and Y = |¥,]? > 0:

VXY = SX2 4 D¥ gnXY — X — ¥ ®)
Let g1,g> be positive, then the potential V has a minimum
when

A= VXXVYY - VJ?Y = g182 — 8%2 > 0,

&)
wig2 — m2g12 2 0, p2gr — pmigi2 2 0.
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The amplitudes of the ground state are then given by

H182 — H2812
W= |[=——F= =,
8182 — 81»
M281 — 1812
|Wy| = —— =1
8182 — 81>

In the following, we consider the situation in which the above
inequalities are satisfied. Since there are two condensates, two
U (1) symmetries are spontaneously broken. Accordingly, the
order parameter space is

(10)

U(l)mass X U(l)spin
Zy '
Here, each U(1); (i = 1,2) corresponds to the phase rotation

of Wy or W,, while U(1)mass and U(1)spin correspond to the
overall and relative phase rotations, defined by

U(l)mass :
U(l)spin :

whose currents are mass and pseudo-spin currents, respec-
tively. Both the condensates W, ¥, are unchanged under the
Z action (o« = B = m) inside U(1)mass X U(1)spin in Eq. (12),
and therefore, this Z, has to be removed as the denominator
of Eq. (11).

In what follows, we call the phase cycles for W, and W, the
(1,0) and (0, 1) cycles, respectively.

T>~U(l); x U(1), ~

(1)

U, — el W, — Uel®,
(12)

U, — e W, > We

B. Vortex configuration

Since the first homotopy group of order parameter space is
M) =2&Z, (13)

it allows two kinds of winding numbers. We refer a vortex
winding around (1,0)[(0,1)] cycle once as a (1,0) vortex
[(0,1) vortex], which is the most fundamental vortex. When
one travels around a (1,0)[(0,1)] vortex, the phase of W;(\W;)
rotates by 2w with the phase of the other component kept
constant. On the other hand, in terms of U (1)mass and U (1)gpin
in Eq. (12), U(1)mass is rotated by 7 and U (1) is rotated
by +m (—m) with circling around a (1,0)[(0, 1)] vortex. Since
they have a half winding of U(1)n.s, they are often called
half-quantized vortices.

Vortices winding around both components by 2w are
denoted by (1,1) and have unit winding in U (1)n,ss. They are
called integer vortices, if the core is not separated into (1,0)
and (0, 1) vortices. More generally, we refer to a configuration
that winds (1,0) cycle m times and (0, 1) cycle n times as an
(m,n) vortex, whose wave function is denoted as \Dl-(m’") for the
i-th component.

The vortex configuration can be obtained by solving Egs. (6)
and (7). Let us make an ansatz for an axially symmetric (1,0)-
vortex configuration:

WY =y e f o), WY = ko), (14)

where r and 6 are the polar coordinates. The profile functions
fa,0) and k(g o) are determined by substituting (14) into (6) and
(7), as
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1 r?

f/
- <ﬂ$m+_<:m__ﬂhm>4_

/’L2g1g2(h%1,0) - 1) - /'LZg%Z(f(%,O) - 1) - /’ngZgIZ(h%Lo) - f(zl,o))

3 Jao =0, (15)
8182 — 812

R hi .0
o h// 3
gy (Foo+52) +

with the prime denoting a differentiation with respect to . We
solve these equations with the boundary conditions

(fa.0:ha,0) — (1,1) as
(f(l,O),hEl,o)) — (0,0 as
From these equations, asymptotic behaviors of the profile

functions f(1,0) and h( ) at large distance can be obtained
as

r — 090, (17
r— 0. (18)

1
fao)=1——=+00™, (19)
mln] r

hao(r) =1+ + 0™, (20)

myn, r?

where we have introduced the effective mass parameters
b AMuigr — p2g12) _ Muogr — p1812)
| = ——————§;£5——————, | = ““‘z;;;;;““‘~
The stability condition Eq. (9) of the ground state ensures that

n > 0, while 5, changes its sign with gi».
Similarly, we make an ansatz for the (0, 1) vortex:

n 1)

WOD =y ho ), WOV =06 fon ). (22)

The equations for f(o 1),/ (0,1) can be obtained by just replacing
the indices as 1 <> 2 and (1,0) <> (0,1) in Eqgs. (15) and (16).
Then the asymptotic behaviors are

fonr) =1— —= 400, (23)
m2n2 r

hon(r) =1+ — + o™, 24)
mmz r

with
v Muagr — p1812)
2 = >

~_ A8 — ag)
g’ .

s My = (25)
: gih?

n

Again, 5 is always positive while sign of 1, depends on gi».
As vortices in a scalar BEC, the tension (energy per unit
length) of (1,0) and (0, 1) vortices logarithmically diverges as

2,2 2.2
L )

3 3
respectively, with L and & being a long and short distance
cutoff, respectively. This divergent behavior comes from the
kinetic term in the GP energy functional Eq. (3).

Some numerical solutions of the single-vortex configura-
tions are shown in Fig. 1. A universal feature of configuration is
that /(1 o) (the profile function of unwinding field) at the vortex
center is concave for g1, < 0 and convex for the g1, > 0 [31].
This can be understood from the atom-atom interaction g5; in

Ta0 =

5 ha0 =0, (16)
8182 — 812

the presence of the vortex profile for W as a background, W,
feels the potential g;»|W,|*> and it tends to be trapped in the
vortex center for the repulsive interaction g1, > 0 and to be
exclusive from the vortex center for the attractive interaction
g2 <0.

C. Intervortex forces

It is expected that the interactions between (1,0) and (0,1)
vortices are determined by the coupling g|,-term. When g, is
zero, they are decoupled in Egs. (4) and (5), so (1,0) and (0, 1)
vortices do not interact. Here, we calculate the asymptotic
interactions between well-separated (1,0) and (0,1) vortices
using their asymptotic profile functions obtained in the last
subsection. Let us place the (1,0) and (0, 1) vortices at (x,y) =
(R,0) and (x,y) = (—R,0), respectively, as in Fig. 2. We
use the polar coordinates (r,0) with the origin (x,y) = (0,0).
We further express [7(1,0),01,0)] and [r(o,1),00,1y] as the polar
coordinates with the origins at the (1,0) and (0,1) vortex
centers (R,0) and (—R,0), respectively. Then the following
relations hold among three polar coordinates:

r? = (rcos® F R)* +r?sin® 6,

rsinf

tan §; = 27

rcos FR’
with i = (1,0),(0,1), the minus sign for i = (1,0), and the
plus sign for i = (0,1). With these coordinates, the (1,0)- and
(0,1)-vortex configurations (\lffl’o),\lfél’o)) and (\Dgo’l),\llg)’l))
can be expressed as
‘Iffl'o) = 1" %9 £y o) [ra 0],
‘I’;’O) = vhqglra,ol
\1150,1) = vihoylro,nl,

0,1 if
‘I‘é ) = vy’ fo 1 [ro.]-

Let us now calculate the interaction between (1,0) vortex and
(0,1) vortex. We first make the standard Abrikosov ansatz,

(28)

(29)

1,1 —1,,(1,0 0,1
i Pr0) = vy wi e

1 1
=~V 1-— + —
|: mmfrrfl,o) man, 7(20,1):|
x %10 + O(r™), (30)
WD (r0) = vy w0

! 1 n 1
e I )
man, Fio,y M1y Iq o)

x e'%on 4+ o@r™, (31)
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FIG. 1. (Color online) Single vortex configurations [|¥,|* (solid
line) and |W,|> (broken line)] on a cross section. The field ¥,
winds once so that |W;| goes to zero at the vortex center while W,
does not touch zero anywhere, but it can have nonzero amplitude
at the vortex center. The parameters are (fi,g1,82, 1, U2, 1,1M7) =
(1,1,1,1, 1, 1, 1) and (a) 812 = —0.3, (b) 812 = 0, and (C) 812 = 0.3.

for the total configuration. Then the interaction potential is
obtained by subtracting two individual vortex energies from
the total energy as

Uiy = /dzx (6K +68V), (32)
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FIG. 2. Configuration of (1,0) vortex and (0,1) vortex.

where it has two contributions: one from the kinetic
energy 0K = K(W{"", Wi~k (wi" Wi — g (wi®P,
‘1150’1) ) and the other from the potential energy
SV = V(\Ilfl’l),\llél’l)) _ V(\pil,O)’\yél,O))_V(\IJEO,I)’\IJSO,I))_,’_
V(v1,v2).

By using the asymptotic properties given in Egs. (19), (20),
(23), (24), (30), and (31), we find

v2h?

8K = ————[Vb0)]
miman, ¥, 1)

2%2

vsh
—— —— Vo> + 0%
miman, rq o)

(33)
_l’_
giht

_ +0(r™®),
2mim>(8182 — 812)7(1.0/0.1)

where we have used [VG(I,O)]z = r(_l’zo), [VQ((U)]Z = r(g,zl) and
have taken terms up to O(r~*). It is important to see that the
leading terms of the order O(r~2) have been canceled out in
the subtraction. Therefore, the dominant contribution to the
interaction potential is of the order O(r . Similarly, we find
the terms of the order O(r~*) in the potential energy

gioh*
7 2

oV =— 2
4mim>(g182 — &12)7 (.0 (0.1

+007%. (34
Plugging these into Eq. (32), we get

Uq,h(R) =

n* 1
§12 2 /dzx 2 2
4m1m2(g1g2 - ng) 07 0,1
gh'n 1n§

Cdmyma (8182 — gh) R

(35)

where £ stands for a short distance cut-off, and we have used
R > &. The detailed calculation of Eq. (35) is described in
the Appendix. Here, the terms independent of R have been
ignored. The factor 1/R? is a striking feature that is absent in
the scalar BEC or scalar superfluids. Note that the chemical
potentials w; and u, do not appear in the final result (35).
The asymptotic force between the two vortices is obtained by
differentiating the potential by their distance 2R, as F(;,1)(R) =

_dUa,y
n 1 R 1
o 12 <ln———). (36)

2R °
Fan(R) = —
4myma (8182 — gh,) R® & 2

We have found that the interaction is attractive for g, < 0,
repulsive for g;» > 0, and vanishes for g;» = 0.
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Note that the asymptotic interaction is independent of the
sign of the vortex winding number e’ | because the interaction
between the two condensates is mediated only through their
amplitudes as g1»|W1|?|W,|%. In fact, the interaction potential
Uq,—1) between (1,0) and (0, — 1) vortices are exactly the
same as Uy ). It is easy to verify that the following relation
holds

Uin=Ug-ny=Uc_1,)=Uc—1-n. 37)

This is because 6(; oy and 6o, 1) are decoupled in the Abrikosov
ansatz in Eqgs. (30) and (31).

The potential (35) should be compared with the potential
Uq+1,0) between (1,0) and (£1,0) vortices. To see it, we make
the ordinary Abrikosov ansatz

(1£1,0) i (61.0)%6
\Ill i(01,0) (o.1>)7

~ ve \Délil’o) >~ v;. (38)

Note here that we have taken terms of the order unity. A
leading order contribution to the interaction comes from the
kinetic term of W, which is of order O(r ~2). On the other hand,
the kinetic energy of W, and the potential energy contributions
start from the order O(r—%), so we omit them. The interaction
potential is then given by

v2h2 N .
U, =+ [ &®x Vb, - VO
(1£1,0) m (1,0) ©,1)
(1182 — Hagii®m . R*+ L?
— d —.  (39)
(8182 — g%)m 4R

where L is an infrared cut-off parameter; see the Appendix for
details. Unlike the case of the leading term in the potential (35)
between (1,0) and (0, 1) vortices, the potential U+, o, depends
on the chemical potential. We also note that it depends on the

infrared cutoff L but not on the ultraviolet cutoff &.
dUq+1,0)

The intervortex force Fj41,0) = — iR is then
(R182 — pagr)h’m (1 R
Fasio = = 3 e IS
(s182—gh)mi \R R*+L

(R182 — Hag)h*m 1
(glgz - 8122)’"1 R’

where — denotes the large volume limit L — oo. This
1/R force is well known for vortices in the scalar BEC,
scalar superfluids, and the XY model, and global vortices in
relativistic field theories [16,18]. The correction term for finite
volume L can be found in the second term in the brace in
the first line. This term might not be so familiar but has been
obtained previously in [22] for global non-Abelian vortices in
QCD.

In the same way, the interaction potential between (0, 1) and
(0, £ 1) vortices are given by

— +

(40)

— h? R? 4+ 172
(281 — 11812) T + @D

(8182 — g1,)m2 4R?

Up,1xn(R) =%

III. NUMERICAL ANALYSIS

Let us numerically verify the interaction potential analyti-
cally obtained in Eq. (35). For simplicity, we consider a special
casem; =mp =m,g; = g» = g,and u; = up = u. Thenthe

PHYSICAL REVIEW A 83, 063603 (2011)

asymptotic behaviors of the profile functions in Egs. (19) and
(20) are rewritten as follows,

fithi=2——=+00"", (42)
mir
1
fi—hi = T +007, (43)

for i = (1,0) and (0,1), where the mass parameters m, and
m_ are defined by

2 dmpu 2 dmp g — g12
+ 5 m_ = 5 .

h g+ g
The inverse numbers of m, and m_ give the healing lengths
associated with the mass component f; + h; and the spin
component f; — h;, respectively. The intervortex potential
Eq. (35) is then expressed as

m (44)

U o(R) = & ,mi —m? 1 R 45)
=—v—————=In—,
(1,1 ) mimz_ R2 £
where v> = 12 u/m(g + g12) is defined in Eq. (10).
To obtain the intervortex potential numerically, we use a
sort of the imaginary time propagation of the GP equation as
~ .9 -

h
_%vz — gV (X)) + g2 W (x)? | W (x,7)

= - D)9, Yy (x,7), (46)

~ ) =

h
—%VZ — 1+ gl + gl X)) | ¥a(x,7)

= DY), W (x,7), 47)

where 7 is the imaginary time and D; and D, are positive
coefficients. While D; is set to be a constant in the usual
imaginary time propagation, we consider the coefficient D; =
D;(x) with space-coordinate dependence. An advantage of
using D;(x) is that one can effectively fix the position of
vortex (the zeros of ;) during the numerical calculation, if
one choose D;(x) appropriately. In order to attain this, we
choose a function D;(x) = AV?In (|x — a;|* + €?) + ¢, where
a; stands for the i-th vortex position and A and c are positive
constants. The value of A is taken as an extremely large value to
fix the profile of the wave function only near the vortex cores.
Also, € should be sufficiently small. We chose A = 80000,
€ =0.01, and ¢ =0.1 in our numerical computation. We
take the Abrikosov ansatz given in Egs. (30) and (31) as
the initial condition at T = 0 and minimize the energy under
the imaginary time evolution. After the solutions converge
sufficiently, we calculate the interaction energy Eq. (32).

Throughout our numerical computation below, we will
set m/h* =1 and v> = 1. Then we regard m, and m_ as
independent parameters of the GP equations and perform
the numerical calculation by varying them. Remember that
my < m_ corresponds to gj» < O (attractive force), whereas
my > m_ corresponds to g, > 0 (repulsive force). No net
interaction exists accidentally when m = m_.

The result is shown in Fig. 3. We compare the inter-
vortex potential obtained numerically and the one obtained
analytically. As can be seen, the analytic results reproduce
the numerical results quite well. We have only one fitting
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FIG. 3. Plots of the intervortex potential U (R) for m_ =
(0.5,0.6,0.7,0.8,0.9,1,1.2,1.4,1.6,1.8,2) from top to bottom, with
m4 = 1. Solid lines are asymptotic intervortex forces (Abrikosov
ansatz), which are analytically obtained in Eq. (35).

parameter 2£, which is the the short-range cut-off. The values
2¢ for various choice of m_ for fixed my = 1 are shown in
Fig. 4. We find the linear dependence of the short-range cut-off
& on the healing length 1/m _.

IV. SUMMARY AND DISCUSSION

We have studied the asymptotic interaction between half-
quantized vortices, i.e., (1,0) and (0, £ 1), winding around
W, and W, respectively, in the two-component BEC. Since
the two components interact only through the density, the
(1,0) vortex does not directly experience the circulation of
the (0, & 1) vortex, so that the result does not depend on the
signature of the winding number. The leading order of the
force between them is found to be ~ [In(R/&) — 1/2]/R?, in
contrast to the one between the same kind of vortices ~1/R,
which is also well known as the force between vortices in
scalar BEC, scalar superfluid, and the XY model and global
vortices in relativistic field theories. We have first derived it
analytically using the Abrikosov ansatz and the asymptotic
profile functions of (1,0) and (0,1) vortices. We have then
confirmed it numerically with using the extended imaginary
time method for the GP equations. We have found that the
short-range cut-off parameter £ of the vortex interaction
linearly depends on the healing length 1/m_.
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FIG. 4. (Color online) The dependence of the healing length 2&
on 1/m_ with fixed m, = 1.
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The intervortex force will manifest itself in the vortex
motion when a pair of (1,0) and (0, & 1) vortices is prepared
in a trapped BEC. Due to the different R-dependence of the
intervortex force, the vortex dynamics will be modified from
those of the (1,1) or (1, — 1) vortex pairs in the same com-
ponent, where two vortices orbit around each other for (1,1)
and move in parallel for (1, — 1). The details of this dynamic
are currently under study. A recent experimental observation
of the real-time vortex dynamics [32] will stimulate this kind
of study. Our results also suggest a bound state of (1,0) and
(0, £ 1) vortices for g < 0. While a set of (1,0) and (0,1)
is expected to form a stable integer (mass) vortex (1,1), it
is a nontrivial question if (1,0) and (0, — 1) vortices form a
bound state, which should be called a (pseudo-) spin vortex.
Also, one expects no stable bound states for g, > 0. Although
there should be instabilities for large separation at least, it does
not exclude a possibility of a metastable bound state at short
distance. To address these questions, we need to know a short
range interaction or stability analysis of the bound states, which
remains as a future problem.

Our method should be extended to spinor BECs, which
also remains as an interesting future problem. On the other
hand, multicomponent systems in relativistic field theories are
common in QCD, such as the linear sigma model for the
chiral-phase transition and the Landau-Ginzburg model for
color superconductors at high baryon density [23]. In these
models, order parameters are matrices as in superfluid *He
rather than vectors, and consequently there exist non-Abelian
vortices [33]: non-Abelian global vortices in the chiral-phase
transition [21] and non-Abelian semi-superfluid vortices in
color superconductors at high baryon density [23]. Intervortex
forces have been calculated at leading order for non-Abelian
global vortices [22] and non-Abelian semi-superfluid vortices
[24]; see Ref. [25] for a review. Calculation in the present
paper will give the next leading order [In(R/&) — 1/2]/R?
to them. Especially the force cos /R between non-Abelian
global vortices at the leading order vanishes for a particular
choice (¢ = %) of internal orientations of vortices [22],
and therefore the next leading order term proportional to

I

FIG. 5. The integral region to calculate Eq. (A2)
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[In(R/£) — 1/2]/R> becomes a dominant contribution. An
extension of our results to these cases should be important
to consider a possibility of vortex lattice phases in heavy-ion
collisions or in a neutron star core, as in two-component
BEC [2,34-36].
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APPENDIX: DERIVATION OF Egs. (35) AND (39)

In Eq. (35), we have to evaluate the integral

2 1 2 1
I = d XW = d X—, (Al)
Fa.w o Ao
Ao =r* + R* — 2r’R? cos 26. (A2)
To this end we will use a formula
/ " a6 ! _ (A3)
0 A+ Bcos20 JAZ_ B2’

for A > | B|. Toevaluate Eq. (A2), we divide the integral region
as shown in Fig. 5. In addition to I; and I,, we take into
account the contributions /3 from the strip of width 2£. Since
the integrand diverges at (x,y) = (£R,0), we introduce an
ultraviolet cut-off £. Then, we will remove the small region
that includes the points of vortex positions. Hence, the total
integral is written as

Leweort = 11 + I + 215. (A4)
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For R > &, the integrals I; and I, are calculated as
/ f” 2mrdr ™ |, R ‘o £ AS)
= — — ~_—|In— =11,
"), RY—r* T 2R2| £ R

I /‘OO 2rrdr g I R 1o & (A6)
= —— =~ —|In— =
T e RA = T 2R2|E R/

where we have used Eq. (A3). The remaining integral

R+& T—§ r
]3 = / dr/ d@—,
R—& s Ay

with § /R <« 1 and 6 <« 1 is evaluated as follows. Note that
cos20 <cos28=1—-28%+.--<1—68% and Ay > (2 —
R*)? +2r2R?8% > 2r?R?8%. Thus, we have the following
inequality

(AT)

m—2 R+4+E& T &
n ~ =,

2R%252 R —& R252 R

Thus, for any 8, one can choose sufficiently small £, so that I3

becomes negligibly small.
In summary, we get

0< L < (A8)

b4 R &
Teutoft = F In E +0 E . (A9)
Next, we calculate the integration in Eq. (39),

N N }’2 _ R2

J = /dzx V@(Lo) . V@(Q’l) = /dzx - 3

ra.m’on
f drdé ro? — R (A10)

= r .
r*+ R* — 2r2R2% cos 20

By using Eq. (A3), one can first perform the integration in 6
and then integrate with respect to r as

o J 27r(r? — R?)

p
0 [(r* — R4)2

. /’R 2nrdr +/L 2nrdr
im | — _ _

L—00 0 I"2+R2 R I"2+R2

_ | L2+R2
= Jim i =

J

(Al1)
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