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I. BAsic EQUATION OoF THE BEC DYNAMICS

Gross-Pitaevskii (GP) equation:

oW h2 )
ih— = —— AWV WU+ Ve, v,
? ot om + 8 | | + Vet (I‘)

Here, m is the atomic mass;
as is the s-wave scattering length;
g=4nh%a / m is the interaction coupling constant;
U(r,t)=|¥(r,t)| exp (i¥(r,t)) is the classical wave function;
n(r,t)=|¥(r,t)|* is the density of condensate atoms;
v(r,t)=(h/m)VY(r,t) is the velocity field in the BEC;
Vet (r) is the potential of the external forces acting on the BEC.

° for repulsive interactions between atoms.
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Dimensionless variables: v =r/ro, t'=t/ty, VvV =v/c,.
\Il/:\I/eXp(—it’)/,/n, Ve/xt:Vext/gno.

ro = h/, /mgnyg is the healing length; tp= ro/cs: h/gno;
cs = +/gno/m is the sound velocity.

Nonlinear Schrodinger (NLS) equation:

OV 2 _
i+ A\Il+ (1 — |y ) U = Vet (r) @

Madelung transform: — W(r,t) = ¢(r,t) exp (i0(r,t)) .
System of hydrodynamic equations for a compressible inviscid liquid:
dup? + div (¢2V8) = 0,
80 + (V0)%/2 = 1 — 2 + Avp /2.

e We restricted our consideration to the 2D problem: r = (z,y).
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II. 2D DARK SOLITONS IN A HOMOGENEOUS BEC

The GP equation with V,¢(r) =0 has a single-parameter family of solu-
tions in the form of 2D dark solitons moving at a constant velocity v:

U, =W,(¢,y,0), \IJS< §2+y2—>oo)—>1, E=x—vt, vV=const.

0, N 1020, N 1020,
N - -
o 2 062 2 Oy?

+ (1 o |‘Ijs‘2) v, =0.

Here, the velocity v plays the role of the problem parameter.
Depending on v, 2D dark solitons can be “vortex” and “vortex-free”:

e the vortex pairs are implemented for 0 < 0] <¥,;

e the vortex-free solitons are implemented for v, < |v]<1;

e when |0] = U, ~ 0.61, there is a continuous transition from the
vortex state with two zeroes of the density into a vortex-free state,
in which the density is different from zero everywhere.
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The properties of the 2D dark solitons were studied in detail in the references:
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Einstein condensates. // Phys. Rev. A. 2008. Vol. 77, no. 4. Pp. 045601 (4).
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Variation problem: ) (H — 17731) =0.

Hamiltonian: Momentum:

+oo +oo . “+oo  +oo

/dy/d§<|V\I/| + || ) ) P:f/dy/d§<x1/v\1/*—x1/*v\1/),

2
Integral relations for 2D dark solitons:
400 400 UGS e
oV,

(D€ = dy d§ — 2)E — P = [dy d{ —_—

+oo 400
7P = /dy/d§ (1 - |\1/S\2)2

The velocity © of a 2D dark soliton is defined as
& _Z
dp " P’

3

~—

’[_):
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Vortex 2D dark solitons.
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THE LIMIT OF SMALL VELOCITIES

7] 1= &> 1.

In this limit 2D dark soliton solutions are vortex pairs, whose wave function is well
described by the expression

\IIUP(€7 Y, ﬂ) = 1/)1117 (57 Y, @) exp (va (57 Y, @)) )

where Oup (&,y,0) = p1(€,y) — p2(£,y) is the phase of the vortex pair,
901(2)(.5, y) are the polar angles around the points (E =0,y = :I:l/2),
I=1(v) is the distance between topological defects (zeroes of the density).

The energy £, momentum P, and velocity o are related with [ as for a pairs of point

vortices:
E=~2rin(l), P ~2nl, 17:::1/[. = 75<5>> 1):27rexp(g/27r).

.
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Vortex-free 2D dark solitons.
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THE LIMIT OF TRANSONIC VELOCITIES
(1-|v]) < 1= &< 1. (The value of |7| tends to the sound velocity: || —1.)

In this limit 2D dark soliton solutions coincide with known solutions of the
Kadomtsev-Petviashvili (KP) equation.

Weakly nonlinear limit: Kadomtsev-Petviashvili (KP) equation:
T:e?’/Qt7 i 2(3?7,1 +3n ony 7183n1 _782n1
X=eV2(z—¢), Y =ey, ox \“or "7 ox 40x3)  av?’
- 3 =
0 =Um12g;, n=1+en;. ns1 (69, 0=(1=Tpp)) = en1 =
4 , 1604y [3 — 8TkpE? + 1637,y°]
_ e . — .
PE<) ~E - et [3 + 80kp€” + 1617;3py2}
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Analytical approximation for the dependence 75(5 ):

Q‘MI
[\~]

SN

B(E) = a(f)sinh | S|, a(E) =27+ 2T exp| -

04(5) , 3 , 0g=928.

00 5 10 15 20 g
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III. ASYMPTOTIC DESCRIPTION OF THE DYNAMICS
OF 2D DARK QUASISOLITONS IN A SMOOTHLY

INHOMOGENEOUS BEC

|\If(r,t)

= G(r) F(r,t) .|

G(r) is the undisturbed part, which is formed
under the action of the potential Vegt(r).

%AG + (1 — |G|2>G — Vet (r) G = 0.

G(r) = g(r) exp(ify),

Ag~ |G|/ IVG| is a characteristic scale of
the wave function G(r) of the undisturbed
condensate.

Ag > re.

Thomas-Fermi approximation:

0y = const.

(1 - ‘/(illft(r)) > 0.

= g2 (r) =

ng,..(T)

F(r,t) is the part of the wave function
U(r,t) describing the behavior of the finite-
amplitude disturbances in an initially inho-
mogeneous BEC.

—|FP)F =

OF
VG
= (— VF>

"ot
Ays is a characteristic size of the localiza-
tion region of the considered disturbance
initially specified in the form of a 2D quasi-
soliton structure.

42 AF+ 1G)? (1

Small parameter:

,u,:AqS/AG < 1.
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A schematic representation of propagation

of a 2D dark quasisoliton moving along

the trajectory ro(s) in a smoothly inhomo-
geneous BEC.

Here, sgand ng are the unit vectors of the
tangent and the normal to the pro-
pagation path ro(s), respectively;

s is the arc length;
7 is the distance along the normal
dropped on the curve rg(s).
r=ro(s) +nmno(s), n=n(zy), s=s(zy).
This equation relates the Cartesian coordinates (z, y) with the orthogonal curvilinear
coordinates (s,7), the transition to which is characterized by the following Lamé
coeflicients: hs=(1—kn), hyp=1,
where k=k(s) is the curvature of the line ro(s), K~ pu.

We rewrote the equation for the function F(r,t) in terms of the variables s and #:

O 1 [0 (horY o (hor
ot 2hshy | 0s \ hs Os on \ hy On

+1GP (1= |FP)F =

1

G

1 0GOF 1 0GOF

h2 ds Os * h2 On On
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We used the assumption that the characteristic variation scale Ag of the function
G(r) significantly exceeds the sizes Ags of the localization region of the quasisoliton.
Expanding the function |G(r) |2 near the curve ro(s) into a Taylor series of 1, namely,
9|GP*

G = 1G(ro +mmo) * ~ |G ro)l* + | =57

(7} 5P 000 o
n=0

For the localized quasisoliton formation moving along the trajectory ro(s), it is
convenient to pass from the arc length s to the coordinate £ “accompanying” the
quasisoliton: t

€= 5~ sqo(t), sqslt)= /v(t)dt,

0
where sgs(t) is the position of the center of a quasisoliton on the curve rg(s),

v(t) is the velocity of a 2D dark quasisoliton.

After such a transition, the solution of the equation for the function F(r,t) near
the curve rg(s) can be represented as an asymptotic series of u:

F(&,n,t) = pPFo(&,n,v(ut)) + pt Fi(&,m, ut) + p> Fa(&,m, put) + ...

Fo  19%F
o po: fiv@+fu+

18°Fy o N
9 2 oe2 §Tnz+9 (5570)<1*\F0\ )FO_O.

529(5570)57 77:9(8570)777 ﬁ:U/g(S§.0)| = F0(£7U7D)E\I’S(g7ﬁaﬂ)~
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(sgs,0) is the position of the center of the 2D dark quasisoliton, which is determined
in the coordinate system (s,n)

9~(s¢s,0) is the density of the undisturbed inhomogeneous BEC at the point (s¢s, 0)

5OF 19°F  19°F
o [a +ATR BB e ((1-2in) r- s -
" "2 Taae T2 o T9 0 - o)
9g° 8g? i dv® OF, O°F,
R=—{e| || 40| (1-1R ) o § £ 20— 220
Os =T dn 5=Sgs
n=0

2dsgs Ov " oe2
n=0
dlng oy | . Olng Olng
(X +
Os :| s=5qs f)f 77|: Os s=8qs on
n=0

n=0
The conditions for the existence of localized (both in £ and 7) solutions in the
equation for the function F} are the fulfillment of the following equalities
+oo +oo

Re /dn/dgn OFy | _

=0, =€, =n.
o) a=¢§ G@=n

—(wg+ 1)

K
s=sge 2] ON
n=0

—00

These relations for the complex equation for the function F} essentially counterparts
of the Fredholm theorem on alternative
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Using the symmetry of considered localized structures, namely,
v, (5, 7, 17) =, (f,—ﬁ, 17) , and the integral relations for 2D dark solitons,

as a result, we arrived at the following equations:

dlné& o

dsgs

|

dlng
ds

|

7
S=8gs

n=0

[

dlng

n

|

(1

n=0

_ 2
7P )’

The quantities P=P(v(t)) and £=E(v(t)) at each moment of time t are
the corresponding characteristics of a 2D dark soliton propagating with

the velocity v(t) for a given value of v in a homogeneous condensate of

unit density.

Hereafter we call P(v(t)) and &(v(t)) the normalized momentum and

the normalized energy of a 2D dark quasisoliton, respectively.
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IV. GEOMETRIC OPTICS OF 2D DARK QUASISOLI-
TONS IN A SMOOTHLY INHOMOGENEOUS BEC

1. DEPENDENCE OF THE NORMALIZED ENERGY OF A 2D DARK QUASI-
SOLITON ON ITS POSITION ALONG THE PROPAGATION PATH

Here, £(0) are the initial values of the normalized energy,
& 2
E(ss) = £(0) g(0,0) ¢%(0,0) is the density of the undisturbed inhomo-

92(ss,0) geneous condensate at the point (s¢s(t=0)=0,0),
from which the 2D dark quasisoliton starts.

The normalized momentum P and the normalized velocity v are single-valued func-
tions of the normalized energy &; hence, both P and v are functions of only g(sgs, 0).

P=P (&), P=P(g(ss,0),
v=0(€). v=2(g(ss,0)) .
It follows that an increase (decrease) in the density ng(sqs,0) = g2(sqs,0) of the

undisturbed condensate along the propagation path leads to a consistent decrease
(increase) in E(sqs) and P(sqs) and an increase (decrease) in 0(sgs).

As a result, the vortex pair as it penetrates into the more dense condensate may
become a vortex-free soliton, and vice versa the vortex-free soliton as it reaches the
less dense Bose gas may convert into a vortex pair.

v
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2. EQUATION OF THE 2D DARK QUASISOLITON TRAJECTORY

The expression for the curvature s uniquely specify on the plane (z,y) the trajectory
ro(s), along which the quasisoliton moves:

N N 28(g) \Olng
G o), G =sle)mos) “Kom) 6n]

Here sg(s) and ng(s) are the unit vectors of the tangent and the normal to the
curve rq(s), respectively.

n=0

By analogy with geometrical optics, we introduced, instead of the arc length s, a
new variable 7:

ds
dr= ——, v(g(s, =
S (55,0)) (9(s,m))

where the function V(g(s, 17)) has the meaning of an “effective refractive index” for
2D dark quasisolitons in an inhomogeneous BEC.

Then the equation of the quasisoliton trajectory takes the form typical of
geometrical optics:

dr dp 1
d—::v(g(s,O))s():p, EZQV(VQ)

7]:0.

v
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3. METHOD OF CALCULATION THE TRAJECTORIES OF 2D DARK QUASI-
SOLITONS IN A SMOOTHLY INHOMOGENEOUS BEC

o First of all, we seek the density distribution of the BEC formed
under the action of the external potential Vg, (r) in the Thomas-
Fermi approximation:

2
ngTF(r) = gTF(r) = (1 — Vext(r)) > 0.
@ Then, using our analytical approximation for the dependence
77(5 ), we determine the effective refractive index:

Eono,g,,.

. =
r) =—//———sinh| ———— |,
50 7/L()agTF (aTF (r) ngTF(r)>

- 2
2 Eomnog

o (®) =21 + Dexp | — | e

. (T) T+ 3 €XP <9~8ngTF(1")>

Here, & and 10,9, are the normalized energy of the 2D dark quasi-
soliton and the density of the undisturbed inhomogeneous BEC at
the point r=rp(0) from which the quasisoliton starts.

v

Dynamics of two-dimensional dark quasisolitons in a smoothly inhomogeneous Bose-Einstein condensate, 19/28



o Finally, we solve the geometrical-optics equation

2
d Iro _ 1 (V2 )
dr? 2 TE [r=r
with the “initial conditions”
drg(7 ro(t
ro(r=0) = ro(t=0), oD |y oty 2|
dr e |70(t)] o

Here, ro(t=0) and ro(t=0) are the position and velocity of a quasi-
soliton at the time ¢t =0 when we started to follow its motion.

Thus, we determine the trajectory ro(7), along which a 2D dark
quasisoliton moves with the energy

E(5qs) = 9%(545,0) E(s54s) = g°(0,0) £(0),

and the velocity

U(I‘Q) = ngTF(I'()) T)((S_‘(I'Q)).

v
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V. NUMERICAL SIMULATION OF THE DYNAMICS
OF 2D DARK QUASISOLITONS IN A SMOOTHLY
INHOMOGENEOUS BEC

The comparisons of the results of numerical simulation of the dynamics
of 2D dark quasisolitons directly within GP equation with the results
obtained by using the developed asymptotic theory confirmed the validity
of the proposed method of describing the behavior of quasisolitons in
a smoothly inhomogeneous BEC.

It was analysed in more detail
@ the trajectories, along which 2D dark quasisolitons move,
@ and the structural changes in the 2D dark quasisolitons moving
along the corresponding propagation paths.

In our numerical calculations the wave function ¥(r,t) was specified at
the initial time ¢=0 in the form of the product

\I/(I‘./ t:()) - (](I‘) F0(£7 n, /UO) :

Here, we calculated the purely real function g(r) without the Thomas-
Fermi approximation, but using the numerical solution of stationary
equation. The wave function Fy(§,n,v9) = Yy (§,ﬁ,17(50)) was also
found by numerical solution of stationary problem.

Dynamics of two-dimensional dark quasisolitons in a smoothly inhomogeneous Bose-Einstein condensate, 21/28



Sample 1.

—50 —25

E@ E

V. _ 3‘ wyy _ —
t(r) = 25 4 UL w0, = 00135, w, = 0.027.

o = —44.82, Yo = —14.94, no’gTF = 0.734.
& =10.48, ©=04.
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Sample 2.

0—50 —25 50

@@ E

wy = 0.014, w, =0.028.

2 2
zg = —43.06, yo=—T7.18, ngy = 0.795.
& =8.68, ©=0.525.
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0 L L L T
0 15 30 45 60

Variations in the normalized energy £ of a 2D dark quasisoliton along its propagation
path ro(7) in cases corresponding to the diagram A in the sample 1 and to the
diagram B in the sample 2. The dashed line shows the critical values £ =&, ~7.59
of the normalized energy, at which the normalized velocity v of a 2D dark soliton is
equal to 74 ~0.61 and the soliton state undergoes a bifurcation (the vortex 2D dark
soliton converts into a vortex-free one). The unshared squares and circles show the
results obtained by numerical simulation performed directly within the framework
of GP equation.
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Sample 3.

t=0
25y """"" LI L LI ]
0F _
0 05 1]
[ [ —y
o5l [ [ [ T
—50 —25 0 25 50

K< (=t +
Vear(r) = Voexp(— (22 + 4*) /AE), Vo =0.145, Ag=1238.
ro=—38.4, 1y =128, ng, ~1. & =893, ©=0.5.

By artificially creating inhomogeneities in the BEC, using, e.g., focused laser beams,
it is possible to control the behavior of 2D dark quasisolitons.
Our approach makes it possible to effectively select parameters of the laser beams.

’gTF
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VI. CONCLUSIONS

@ We have found the analytical approximation for the dependence
of the momentum of 2D dark solitons on their energy.

© We established that the trajectories of 2D dark quasisolitons in
a smoothly inhomogeneous BEC are described by a system of
ordinary differential equations, which we reduced to a form typical
of geometrical optics of isotropic media. To this end, we introduced
the concept of an effective refractive index dependent on both the
density distribution of the undisturbed inhomogeneous condensate
and the energy of the quasisoliton propagating in it.

@ We have found the law of variation in the normalized energy of 2D
dark quasisolitons along their propagation paths. Using this law,
one can describe the structural transformations of the quasisoliton
formations moving in a smoothly inhomogeneous BEC.

@ We compared the results obtained by numerical simulation directly
within the framework of the GP equation and the results of the
analysis based on the constructed asymptotic description. This
comparison shows good agreement between direct numerical calcu-
lations and the developed theory, which confirms its validity.
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