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Dynamics of inertial vortices in multicomponent Bose-Einstein condensates
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With use of the nonlinear Schrodinger (or Gross-Pitaevskii) equation with strong repulsive cubic nonlinearity,
dynamics of multicomponent Bose-Einstein condensates (BECs) with a harmonic trap in two dimensions is
investigated beyond the Thomas-Fermi regime. In the case when each component has a single vortex, we obtain
an effective nonlinear dynamics for vortex cores (particles). The particles here acquire the inertia, in marked
contrast to the standard theory of point vortices widely known in the usual hydrodynamics. The effective dynamics
is equivalent to that of charged particles under a strong spring force and in the presence of Lorentz force with
the uniform magnetic field. The interparticle (vortex-vortex) interaction is singularly repulsive and short ranged
with its magnitude decreasing with increasing distance of the center of mass from the trapping center. “Chaos
in the three-body problem” in the three-vortice system can be seen, which is not expected in the corresponding

point vortices without inertia in two dimensions.
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I. INTRODUCTION

Recently, there has been much interest in theoretical and
experimental studies on trapped atomic Bose-Einstein conden-
sates (BECs) [1-3]. The superfluid property of atomic BECs
arises from a dual aspect of waves and particles (i.e., matter
waves), and is theoretically described by the macroscopic wave
function. Because of the nonlinearity of the system caused by
interaction between particles, the macroscopic wave function
can take a form of various solitons such as bright, dark, gray,
and vortex solitons, and these solitons are experimentally
observed in BECs.

As for bright solitons, Martin et al. [4] theoretically
predicted that the particlelike behavior of three bright solitons
in a one-dimensional 3’ Rb BEC was nonintegrable and showed
its change from regular motions to chaos. Pérez-Garcia et al.
[5] applied a variational method to dynamics of bright solitons
in a two-dimensional (2D) BEC and showed that the center
of mass of each soliton obeys Newtonian dynamics and
Ehrenfest’s theorem is valid if the phase of the BEC wave
function will be suitably chosen.

As more interesting systems, we can consider solitons in
multicomponent BECs which consist of different kinds of
atoms or the same kind of atoms having different spin and
that have been experimentally realized. In multicomponent
BEC:s, there is not only intracomponent particle interaction
but also intercomponent particle interaction which is another
origin of nonlinearity, so we expect novel soliton dynamics
which is not seen in single-component BECs. Yamasaki
et al. [6] developed a variational method to describe bright
soliton dynamics in 2D multicomponent BECs, and proposed
a model of conservative chaos. In 2D and three-dimensional
(3D) systems, however, bright solitons are unstable unless
intracomponent interaction oscillates between attraction and
repulsion or coexisting intracomponent quintic (three-body)
interaction is strong enough.

On the other hand, topological vortices known as quantized
vortices (i.e., topological defects of the macroscopic wave
function can be stable in two dimensions). Vortices in single-
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component [7-9] and multicomponent [10—12] BECs have
been realized experimentally, making a good candidate to
study the dynamics of vortices in 2D and 3D BECs. Most
of the theoretical studies, however, are limited to the Thomas-
Fermi regime (TFR) in a single-component BEC [9,13-15].
While dynamics of the macroscopic wave function of BEC is
described by Gross-Pitaevskii equation (GPE) in Eq. (2) below,
TFR suppresses the kinetic energy part in GPE in the lowest
approximation and therefore the lowest-order wave function
cannot have a healing length which is a hallmark of the vortex
core. It is highly desirable to construct the effective theory of
vortices beyond the TFR.

In this paper, we consider the vortices in 2D multicom-
ponent BECs beyond the Thomas-Fermi regime. To consider
the effective dynamics of pointlike vortices, we extract some
degrees of freedom by using the variational approach, and
derive an effective dynamics with finite degrees of freedom.
For the case of a single-component BEC without a trap, it is
well known that the effective Hamiltonian for many vortex
systems has a standard form [16-18],

HNZninjlnrij, (1)

j>i

in the limit of infinitesimal vortex cores. Here n; is the winding
number of the ith vortex, and r;; = \/(x; — x;)2 + (y;i — y;)>
is the distance between cores of ith and jth vortices. Equa-
tion (1) shows that there is no momentum degree of freedom,
and coordinates x; and y; formally conjugate each other. On
the other hand, in the case of multicomponent BECs in a trap
with each component having a single vortex, we shall see
vortices acquire momentum degrees of freedom or inertia. A
very preliminary idea of the present work was reported in the
conference proceedings [19].

This paper is organized as follows. In Sec. II, starting from
the multicomponent GPE, we apply the variational method
with use of vortex solitons in the Padé approximation, and
derive the effective Hamiltonian for vortices. Confining to the
case of two and three vortices, we numerically investigate the
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detailed dynamics of vortices in Sec. II1. There we see a chaotic
behavior of the system consisting of three vortices. Section IV
is devoted to conclusions and discussions.

II. EFFECTIVE NONLINEAR DYNAMICS GENERATED
BY THE MULTICOMPONENT GPE

In this section, we consider the trapped multicomponent
GPE with vortices and extract some degrees of freedom of
vortex soliton by using a variational technique.

BEC at zero temperature is described by the GPE. We shall
consider a 2D system of trapped n-component macroscopic
wave function ®,(¢,x,y), D»(¢,x,y), ..., D,(t,x,y) satisfying
the equations,

d
i ®i(tx.y) = [ — V2 + V(x,y) + il @i (t,x, )

+ Zgij@,-(z,x,ynz} Oi(t,x,y),  (2)
J#

for i,j=1,...,n. Here the normalization condition
for each component of wave functions is defined by
i |®;(t,x,y)|>dxdy = 1 after a proper rescaling of ®; by the
particle number N common to all components. The effect of
trapping is expressed by V(x,y) = (x? + y?). Equation (2) is

D;(t,x,y) = fi(t,x,y)expligi(t,x,y)] = N exp [—
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expressed with use of scaled variables: using the confining
length | = ‘/% and oscillation period T = w™!, space co-
ordinates are scaled by /, time by 27, wave function by },

and nonlinearity by % The nonlinearity coefficients, g;; =
8w Na;; /1 with a;; the scattering length for binary collisions,
are assumed to be positive and much larger than unity. g;; and
gij with i # j stand for intracomponent and intercomponent
interactions, respectively. We shall choose g;; = g;(>>1) for
alli and g;; = g(>1) fori # j.

In the absence of the intercomponent interaction, each
component has stationary states of a vortex. So, we consider
the case in which each component has one vortex and
vortices interact with each other through the intercomponent
interaction. Our goal is to derive from Eq. (2) the evolution
equation for the collective coordinates of trial vortex functions
(TVFs). The collective coordinates for a vortex are phase
variables besides the coordinates of a vortex core. We shall
use TVF beyond the Thomas-Fermi regime, by incorporating
the effect of a kinetic energy in GPE in Eq. (2): As for the
amplitude of TVF, we choose a vortex function based on the
Padé approximation [20,21] which is regularized due to a trap.
As for its phase, we Taylor expand the phase with respect
to space coordinates around the vortex core. Then TVF with
winding number n; = %1 is given by

(x — x>+ —y)?

2+y :|
2A 2624+ (x — x))2 + (y — »i)?

X exp [i [ni tan~! (y _ ) +ai(x —x) + By — y»ﬂ , 3)
X — X;
[
with the normalization factor N = L . Here First of all we note: GPE in Eq. (2) can be derived from the

\/ TA=-21 % 2 %2

e & E2r(0, %)
o,z = fz oo t~'e~'dt is the incomplete gamma function of
the second kind, whose expansion with respect to z is given in
Eq. (A10) in Appendix A.

The collective coordinates are locations of the core (x;,y;)
and the first-order coefficients («;,8;) of Taylor expansion of
the phase ¢;(¢,x,y) with respect to (x — x;,y — ¥;). A in the
Gaussian amplitude factor reflects a trap in Eq. (3). £ is the
healing length related to vortex core size. The condition to
minimize the energy E = fd)cdy(|V<I>,<|2 + Vix,y)|;? +
13 5| D; |*) for the individual static component in Eq. (3)

centered at the origin, leads to A = \/ s—(y+ l)n + and

E= '% 8 4 , respectively, where y(=0.57721) is Euler

constant. We shall use these values for A and £ in this paper.

The form in Eq. (3), which is a product of the vortex
solution in the absence of a harmonic trap and Gaussian factor
due to the trap, gives a suitable TVF for a vortex under the
strong nonlinearity. A different form with use of eigenstates
(with nonzero angular momenta) under the 2D harmonic trap
[22—24] has no small healing length, results in the intervortices
force growing with intervortices distance, etc., and cannot be
suitable as TVF under the strong nonlinearity.

variational principle that minimizes the action obtained from
Lagrangian density £ for field variables,

i - e
L = Z [E((qu)l - (Di (Dz) + |vq>l|2

81
+ 7+ )0 + 3|<1>i|4} + ) l® P10 @)

Jj>i
In fact, Eq. (2) is obtained from the Lagrange equation:

3 L AL oL
————— 4V
ot 0dr  ad; | AV}

=0. (5)

We now insert TVF in Eq. (3) into Eq. (4). Noting (x;,y;)
and («;, B;) as time-dependent variables, Eq. (4) becomes

o[ (LT

dy; a Bi
af; i\’ 30\ (90 \°\ Lo
+(a) +($) +((a> +(@) )ff
+ %‘f;‘ +(x* + y2)f,-2] + & Z i (6)
J>i
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TABLE I. Expressions for coefficients in Eq. (8) (Taylor expan-
sions with respect to £2/A).

Coefficients Expressions
d, 14282 4 22 22
i =g
ds _%_11252_*_&_;%2_&1 262
d R R S
ds L+ Em®E
i FE STt
w euigng
ds A — 282
o T

By integrating £ over space coordinates (x,y), we obtain
the effective Lagrangian L for the collective coordinates:

L= // dxdyL. @)

In the limit of £2/A « 1, L is expressed by

N 2 n; . dzlz
—L = (Fo) Z[—Z(Xiyt szz)e 5 <dl+T)

— (i X; + Bivi) d
26 (I
% (%))

42 2n’ds +d +2zl’ds+all"2
Ae i@y T aa T A T ey

+ (of + 87

— (dixi + Bivi) (1

+2% (e —xipye s (d+ La
Ay:% XiPi)e 1 AZ

; NY? g /1 o2
% 2 ) 2z vy
+e (d8+lld9)+<NO> A (4+d7€ >:|
—+ E U(r,-j,lg). (8)

Jj>i

Here, [; = V/x? + y? and Ny =

expansions with respect to £2/A) for coefficients d; ~ do are
listed in Table I and the derivation of typical coefficients is
described in Appendix A. The expression for the intervortice
interaction U (r; j,l'é), which is a function of intervortice
distance r;; = v xl.zj + yl.2j and distance of the center of masses

from the origin lg = \/(x )2+(y )2 will be given in

Appendix B.
Lagrange equations of motion for the phase variables «;

and g;,
d (0L oL _0
dt \ 0¢; Ba, ’

d (0L oL
a@afﬁﬁ=“ ©)

ﬁ. Expressions (Taylor
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lead to
a; >~ BiX; —n;Byyi, Bi =~ B1y; +n;Box;. (10)

Equation (10) shows that (¢;, 8;) correspond to generalized
momentum conjugate to (x;,y;) under the vector potential.
Then the equation of motion for (x;,y;),

d (oL aL
—N\ - =0 (11)
dt \ 9x; 0x;

d (JL oL
—N\ =)+ =0 (12)
dt\ 9y; i

combined with Eq. (10), gives

. . U (xij, yij)
X; =~ I’l,’B3yi — B4xi — BS Z #,

i
aU( ) (13)
.. . Xij,Yij
Vi > —n;B3x; — Bsyi — Bs Z B a— w—
PR
Coefficients B; ~ Bs are given by
2
_di—1+% (v + g
T4, A
B — 1
2=
B 4d} A
3= - 5 ~ = )
Al -1+ %) (r+17%8
4d,do A?
By = 2%2 24’
(di — 1+ ) (7/ +1)%§
5 _(N)2 2d, A? 14
TN @1+ By 2+

Equations (10) and (13) are valid aside from a multiplicative

global factor [1 + 0(%)]. The smallness of % will be justified
a posteriori. Equation (13) shows that dynamics of coordinates
(xi,y;) is very similar to charged particles with charges n; =
41 under a strong spring force with a force constant By, =
O(g ) and in the presence of Lorentz force with the magnetic
field B = (0,0, B3). One should note that the spring force here
has nothing to do with that of the original harmonic potential
V(x,y) in Eq. (2). The Hamiltonian corresponding to Eq. (13)
can be given by

H= Z[—[p, nA]+W+ZUr,,,”)], (15)

J>t

with use of the momentum p; = mr + n;A;, unit mass
m = 1, the vector potential A; = %(—yi,xi), and the scalar
potential W; = %34()61-2 + yiz).

All values B; ~ Bs depend on the strength of interaction
g1 which is tunable by Feshbach resonance. In the effective
particle dynamics described by Eqs. (13) and (15), the spring
constant By is large enough to guarantee particles with unit
mass to be confined in the nei ghborhood of the origin (i.e., the

trapping center). This finding Justlﬁes <« 1 and will also be
utilized to obtain the intervortice 1nteract10n in Appendix B.
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The scaled intervortice interaction U (r; j,liGj) is given with
use of Eq. (B10) as

U(rijlg) = BsUa(rij lI¢)

ij\2

G rl-zj + 4(1({)
= — —— ), 16
7 exp( A ) (16)

with the coupling constant,
4

82 a17)

G=—22
(v + 1Pl

Therefore the intervortice interaction is singularly repulsive
and short ranged with respect to r;; with its magnitude
decreasing with increasing I}

Compared to Eq. (1), it is clear that the system has
momentum degrees of freedom, and vortices have a behavior
of particle with inertia rather than that of vortex point
without inertia widely used in the conventional theory of
hydrodynamics [25-29]. This is one of the main assertions
of the present paper. The inertia of vortex appears already in
the single-component BEC with a trap.

In closing this section we should comment that we also
attempted to apply the collective coordinate method using a
Laguerre-type trial function which is a good candidate for TVF
in the case of a weak nonlinearity [22-24]. However, such
TVF in the case of a strong nonlinearity proved to result in (1)
a time-dependent mass for each vortex and (2) the intervor-
tex interaction growing with increasing intervortex distance.
Hence this TVF was not suitable to describe a dynamics of
vortices in BECs with a strong nonlinearity. On the other hand,
the effective vortex dynamics in the Thomas-Fermi regime
[9,13—15], which suppresses the kinetic energy in constructing
TVFE, leads to neither nonzero inertia nor Lorentz force.

III. DYNAMICS OF TWO AND THREE VORTICES
WITH INERTIA

We shall now focus on the system of two vortices with equal
winding numbers, and see how the trajectory generated by
effective particle dynamics in Eqs. (13) and (15) well mimics
the orbit of the singular points of wave vortices calculated
by using GPE in Eq. (2). We shall then move to the system
of three vortices with equal winding numbers, and find that
chaos appears even in the three-vortex system. This feature
is different from that of the point vortice system in a single-
component BEC in which chaos can appear in the case of more
than three vortices.

A. Dynamics of two vortices

For two vortices with the same winding numbers n; = n, =
1, Hamiltonian (15) can be rewritten as

1 B;
H= E(piT + Pi,r + P;R + p;R) - 7(px,TyT — Py, TXT
B} B,
+puve = poscn) + (2 + 21 (5 433 43 -433)

G 2 2 2 2
exp <—xR+yR+xT+yT>, (18)

+ -
2(x% + y3) A
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where (x7,yr) and (xg,yg) play the role of the center-of-
mass and relative coordinates, respectively, and (py 1, p,, 1)
and (p,, g, py,r) are their canonical-conjugate variables. To be
explicit,

1
(x7,y7) = —=(X1 + X2, 51 + ¥2),

V2

1
(xr,YR) = E(M — X2,Y1 — Y2),
1
(px,Tapy,T) - ﬁ(px,l + Px.2:Py,1 + p_v.Z)a

1

(Px.r-Py.R) = E(px,l — Px2:Py1— Py2)- (19

Hamiltonian (15) cannot be reduced to two independent two
degree-of-freedom subsystems (center-of-mass system and
relative-coordinate system) because the intervortex interaction
depends not only on r;; but also on /. However, we see mostly
KAM tori in this system. As shown in Fig. 1, we find that
the trajectory of (xg,yg) generated by effective two-particle
dynamics well mimics the corresponding orbit obtained by a

FIG. 1. (Color online) Two-vortice dynamics with identical wind-
ing numbers (n; =n, =1). gy = g = 100. Initial values are as

follows: x1(0) = y{(0) = —x2(0) = —y2(0) = %; X1(0) = x»,(0) =
0; ¥1(0) = —y,(0) = 1.1. Solid line is a trajectory for relative
coordinates of a pair of particles calculated by iterating the canonical
equations for the Hamiltonian (18); crosses are corresponding results
for a pair of singular points of interacting vortices constructed
from the numerical iteration of GPE in Eq. (2); four subpanels are

wave-function patterns for interacting vortices.
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pair of singular points calculated by using GPE in Eq. (2).
This fact justifies the validity of our trial function in Eq. (3)
and the resultant equation of motion for collective coordinates
in Egs. (13) and (15).

B. Dynamics of three vortices

Encouraged by the effectiveness of the collective coordinate
method in the case of two vortices, we proceed to the dynamics
of three vortices with the identical winding numbers n; =
n, = n3 = 1, whose Hamiltonian (15) becomes

1
H = (Pic + Pic + Pir + Pir + Pir+ Pir)

B;
- T(XprC + XRPyR + XTDyT
— YCcPxC — YRPxR — YT PxT)

B B
+ <—3+—4) (x2 + x% + X3 + 2 + v+ })

8 2
G
+ ) : ;
(=0 K XD 0= y))
Py x4 y?
X exp (— d ! A ] ] >, 20)

where Jacobi coordinates (x7,yr,etc) are defined by

1
(x7,y1) = —3(X1 + X2 + x3,51 + ¥2 + ¥3),

7

1
(xc,yc) = E(xl — X3,Y1 — ¥3),

1
(xr,YR) = %(Xl +x3 — 2x2,y1 + y3 — 2y2),

1
(PxR,DyR) = %(pxl + Px3 — 2Px2, Pyl + Py3 — 2Py2),
1
(px1.Pyr) = ﬁ(pxl + Px2 + Pa3,Py1 + Py2 + Dy3),
1
(pxc,pyc) = E(sz — Px1:Py2 — Dy1)s (21

which conserve the canonical structure ({x7,p.r} =
Y {xj.pyt =1, etc). Here (xr.yr), (xc.yc). and
(xg,yr) represent the center of mass of all three components,
the relative displacement, and the bisector of the vertex
(x2,¥2), respectively. In marked contrast to the massless three
vortex system in two dimensions which is integrable, all six
degrees of freedom are coupled and the number of independent
constants of motion is two (energy and z component of angular
momentum). Then Poincaré-Bendixon’s theorem guarantees
the nonintegrability and chaos of the three-inertial-vortex
system [30].

We can construct from (20) the canonical equations of
motion for x7,yr,x¢c,yc,Xg,Yg and their canonical-conjugate
variables, which are solved numerically. Poincaré cross section
and power spectra for the kinetic energy E(¢) in Fig. 2 give
a clear evidence of high-dimensional chaos. Because of the
short-range nature of the interaction, we see the emergence of
chaos in low-lying energy regions where vortices often meet
each other.

PHYSICAL REVIEW A 86, 053613 (2012)

E(w)

0 0.1 0.2 ® 0.3 0.4

FIG. 2. (Color online) Three-vortice dynamics with identi-
cal winding numbers (ny =n, =n3=1). g = g, = 100. Ini-
tial values are as follows: xg(0) = x¢c(0) = x7(0) =1, yr(0) =
=1, yc(0) = yr(0) = I, p; r(0) = px.c(0) = pyr(0) = p, r(0) =
Py.c(0) = py r(0) = 1. (a) Poincaré cross section; (b) Power spectra
for kinetic energy E;(z).

IV. CONCLUSION

We explored vortex dynamics in the two-dimensional
multicomponent BEC in the harmonic trap in the case that each
component has a single vortex. The investigation beyond the
Thomas-Fermi regime is made on the nonlinear Schrédinger
equation with strong repulsive cubic nonlinearity. With use
of a trial vortex function based on the Padé approximation
which is regularized due to a trap, we applied a collective-
coordinates method, obtaining an effective nonlinear dynamics
for vortex cores (particles), which is equivalent to charged
particles with inertia under a strong spring force and in the
presence of Lorentz force with the uniform magnetic field.
The interparticle interaction is singularly repulsive and short
ranged with its magnitude decreasing with increasing distance
of the center of mass from the trapping center. The most
important finding is the nonzero inertia of vortices, which
is not present in the conventional theory of point vortices
widely used in the usual hydrodynamics [25-29]. The system
of three vortices with inertia can be chaotic, in contrast to the
corresponding case of point vortices without inertia.
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APPENDIX A: CALCULATION OF TYPICAL INTEGRALS

We shall calculate some integrals used in this paper.

1. Integral A = [ dxdyf? (xl% + yi%)

Substituting Eq. (3) into the above integrand, we find

1 (N [>® [® 24y
A= — | — / / dxdye  a
A\ No —00 J —00

|: Xy —y) —¥ilx —x;)
x

M xRt (y — i

(x —x)> + (y — y)?
2@+@—&F+@—w?} (AD

— (aiX; + Bivi)

where Ny = ﬁ and N is the normalization constant defined

below Eq. (3). Equation (Al) is a sum of n;-dependent
term (A1) and («;,B;)-dependent term (A,). Below we shall
concentrate on A because A, is easily calculable. Using polar
coordinates as

x; = l; cos ¢;,

yi =l sing;,

X —Xx; = pcosh,
y—y; = psinb,

dxdy = pdpd9, (A2)

we rewrite the integral A as

n; N 2 oo o7 ,02
Ar=—-| dpe” & S5
7A \No/ Jo 26 +p

2
2pl;
X / dO(X; sinf — y; cos G)e*pTCOS(Hﬂbi)_
0

(A3)

The 6 integration gives

n . 20l 0,
dé(x; sin® — y; cos @)e” & 509
0

2w
=/ dO[(x cos ¢; +)')sin¢,~)sin9~
0

2pl; il
— =t coso

+ ( sing; — y cos ¢;)cosf]e
. . 20 pl}
= —mw(X;yi — YiXi) <K + ~ )

Here we took 8 = 8 — ¢; and used the formulas like

(A4)

2 -
/ df cosbe %% = 27 [(2), (AS)
0

where [,(z) is the modified Bessel function, which is expanded
as

3

z 5
I =—-—+—4+0@). A6
1(2) 3 + T + 0(2) (A6)
As for p integration, we use identities like
3 2 2
P §°p (A7)

2242 LT et
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and then apply the formulas,

o0 21 1
/ dpp"e” & =—A21F(n+ ),
0 2 2

[e%9) 2
2P 1 2 2&)

does ——  — —eaT (0,2

/0 Pe S 2T ( A

22 2 2 2\ 2
=%e'T (—y—ln£+£—<g—> ) (A9)

(A8)

and

A A A

I'0,z) = L *t~le~'dt above is the incomplete gamma func-
tion of the second kind and can be expanded as

2 3

Z Z
F0,z)=-y—Inz+z— >4+ =+ 0.

Al10
4 18 (A410)

The final result is

N\’ n 2 dsl?
Ay =— (=) Gy —yixe s | di+ ==, (All
== () s (4 2E). an
where d; and d, are listed in Table I. Equation (A11), combined
with

(A12)

Ay = ol 2( G + Biyid
==\ i Xi i Yi)ai,
? No Yo

gives rise to the calculated result for A in Eq. (A1).

2. Integral B = & [ fldxdy

N 4 ro0 00 242
gzl . (_) / / a’xdye_z{ oh)
2m2A 0 —00 J —00

( (x— x>+ — y)? )2
X .
282+ (x — x)2 + (y — yi)?

(A13)

Using polar coordinates in (A2), we rewrite the integral as

4 rco 2.2
g1 N _2p*+D)
B = — _— d A
272A? <N0> /0 pape

0? 2 pom "
X <—> / dfe 5 0= (A14)
282+ 0%) Jo
First, we carry out the 6 integration. Note that
2
/ dfe % = 27 1y(2), (A15)
0

where Iy(z) is the modified Bessel function, which is expanded
as

2 4

Z Z
L) =14+ =+ 0.

Al6
4 " 64 (Al6)

Concerning the p integration, we first employ the decomposi-
tion,

P 4g> 4t

= - + )
26242 @8+

— = Al
(28 + o7 A
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and then apply the formulas like

ood _i[ 4pl; A AlS
A — | = —ea.
fo ppe 0( A) 1€ (A18)
The final result is
N\ g [1 %
B=|— dre” 2 |, A19
(M) nA[4+ e A} (A19)

where d7 is given in Table I.

APPENDIX B: CALCULATION OF INTERVORTICE
INTERACTION U

This interaction is due to the integral,

o0 o0
UE&f / [P fidxdy
’(XH)
i () [ e

(x—x)*+ -y’
X
2824+ (x — x>+ (y — yi)?
(x—x)* 4+ —y)*
X .
2824 (x — x>+ (y — y)?

(BI)

With use of a prescription U = nzngz(N%)“U , the integral
becomes

N o0 o0 262 4y%)
U=/ / dxdye™ 3
—00 J —00
1
xl—%« > > 2+0+n>
285+ (x —x)° + (y — i)

+ 4%-4
282+ —x)? + O =y — )
= U() + 02 + U4.

(B2)

Up, U, and U, corresponds to the contributions from
O(&Y), O(£?), and O(£%), respectively. Among them, Uy is
responsible to the vortex-vortex interaction, which we shall

calculate below.
|
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y
A
X; X
P
I; 0
"
IG ¢ij
X;
¢ ij
G >X

FIG. 3. (Color online) New integration variables, center-of-mass
coordinates, and relative coordinates.

Let us define the center-of-mass and relative coordinates by

ij _ XjtT X ij YtV
P R R S R b B3
G ) Y6 ) (B3)
and
X; —Xj; =1 COSQy;; Y — y; = Fijsing;;, (B4)

respectively, and transform the integration variables to new

ones as (see Fig. 3)

x —xg = pcost, xiGj = lij cosd)ij
y —yg = psinb, yG =1 sm¢
dxdy = pdpd6.

Then Uy in Eq. (B2) becomes

oo 2 , o .
U, = / pdp/ 40’ e & Ue+p*+2pl¢ cos 0"+ —p¢))
0 0

4g%
X ) . (BO)
(282 + p2+ 4)" — p?r] cos2(0")

where we moved to a new angle variable 6’ = 6 — ¢;;. Using
the expansion,

(BS)

o0

Z (—1)"1,,(X)ei"aem0/,

n=—0o0

—Xcos(0'+a) __

e (B7)

in Eq. (B6) and keeping the n = 0 term, the integration over
the angle variable leads to

8t 1

2 4
4
/ 49 7 i =
0 (252 +p2+ ;/) _ pzrizj 1+c<2>s29
— 2
where we used the formula fo do H_bcm 7 = T

r.z.
282+ p2 + 4 /(282 +

; (B8)

(+%))

(0= %3)) (28 +

We shall proceed to p integration. Here we should note the following: In the case £ <« 1, the Lorentzian-like function
on the right-hand side of Eq. (B8) is sharply peaked around p = %’ and is well approximated for p > 0 by Gaussian,

Sﬁ”‘g exp (— % i ). Therefore, the p integration leads to
N 821 €3
Upy= ——F—

873264 1
T (&M +882/A) L

00 ij
e_# / pe_%lg 4l exp | —
rij 0 A

2liGjrij é rizj
AL+ 2E2/A) m{“X)“p_ma+%Wm’

(B9)
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where the integration was carrled out by the saddle-point approximation which is justified in the case § < 1. Since each vortex
2Z Tij

dynamics occurs in the range G "i « 1 because of the notion above Eq. (16) in Sec. II, we may approximate Io( Ad +2§ ; A))
and neglect the contributions from I,(x) withn = 1,2, ... in the region x < 1. Then we reach
4
_ iy 82 N ~
U4 = U4(r,‘j,lG) = W (FO) U4
ij\2
seset 1 (Lri4e) B10
1287 2 P A

with use of (%)4 ~ 1. At first the magnitude of the intervortices interaction looks very small [i.e., O(£*)], but, after scaling to
make unity the inertial mass of each vortex, it becomes O(g,) [see Eq. (17)]. It is interesting that the intervortice interaction
energy in a multicomponent BEC with no trap estimated in a different approximation (i.e., under the Abrikosov ansatz) is also
proportional to — in the asymptotic region [31].

Finally we note the remaining contributions, Uy + Us, in Eq. (B2). Their integration is quite simple and gives rise to

& (N
A2 (N) (U + U)

& (N 52 262\, 7 %
~ 8 (L =)k 4o %) |
A (NO> [2+ A(V+ ns e

In the final expression, the first term is constant, giving no contribution to the dynamics in Eq. (13), and the second one is

Uy + U,

(B11)

a sum of single-particle contributions of 0(%) which renormalizes the 7th line in Eq. (8), giving no substantial contribution

to Eq. (13).
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