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In the present work we introduce and explore a technique for the efficient removal of vortices from an atomic
Bose-Einstein condensate, through the application and subsequent removal of a one-dimensional optical lattice.
We showcase a prototypical experimental realization of the technique that motivates a detailed theoretical study
of vortex removal mechanisms. Through simulations of the condensate dynamics during application of the
optical lattice, we also discover a vortex removal mechanism that arises in narrow, optical-lattice-induced atomic
density channels for which the channel width is on the order of the nominal vortex core size and healing length.
This mechanism involves the density profile typically associated with a vortex core spatially separating from
the phase singularity associated with the vortex. By analyzing numerical experiments covering a wide range of
variations of the optical lattice amplitude and fringe periodicity, we identify the existence of an optimal set of
parameters that enables the efficient removal of all vortices from the condensate. This analysis paves the way
for further studies aimed at understanding vortex dynamics in narrow channels, and adds to an experimental
toolkit for working with vortices and controlling the dynamical states of condensates.

I. INTRODUCTION

Quantized vorticity is a hallmark of superfluidity and super-
conductivity [1–4]. In dilute-gas Bose-Einstein condensates
(BECs), quantized vortices are readily observable and serve as
sensitive indicators of superfluid dynamics [5–7]. Moreover,
vortices in a BEC can be created, manipulated, and imaged
using a variety of experimental techniques [8], enabling pre-
cise control and detailed studies of quantum fluid behavior;
see for example Refs. [9, 10]. In a wide range of experimen-
tal settings such as these, vortices and vortex-vortex interac-
tions [11] play quintessential roles in BEC fluid dynamics,
and an understanding of their dynamics is essential in stud-
ies of complex quantum fluid phenomena such as superfluid
turbulence and its associated cascades [12, 13].

Vortices may also form spontaneously during BEC cre-
ation [14, 15] or as a consequence of the condensate’s motion
relative to an external potential [16]. In such cases, vortices
can act as unwanted defects that hinder the precise control
and characterization of the dynamical state of the BEC. While
techniques have been explored to remove quantized vortices
from superconductors [17], little attention has been paid to
the controlled removal of vortices from a BEC, with the goal
of preparing the system in its motional ground state prior to
subsequent experimental protocols that involve manipulation
and coherent control of the state of the condensate.

Here we introduce and experimentally demonstrate a
method for the controlled removal of vortices from a highly
oblate BEC by briefly applying a one-dimensional optical lat-
tice (OL) potential, and we present detailed numerical studies
elucidating the accompanying vortex dynamics and physical
mechanisms responsible for the vortex dynamics that lead to
their removal. In addition to established vortex dissipation
mechanisms, such as thermal damping [5, 18–25] and vortex-

antivortex annihilation [16, 26, 27], we observe in simulations
two additional effects: rapid channeling of vortices to the edge
of the condensate by the OL, and the dissociation of vortex
phase singularities from the density profiles typically associ-
ated with a vortex core. To the best of our knowledge, the
latter mechanism, apparently occurring when the OL period-
icity is on the order of the spatial width of the vortex, has not
been reported previously.

The general concept underlying our vortex elimination
method is to use an OL to manipulate the density of the BEC,
rendering the BEC density distribution as an array of narrow
(yet still mutually coherent) channels of atoms. The channels,
in turn, influence vortex dynamics by causing the vortices to
move along the channels to the outer edges of the BEC where
they can then become eliminated from the fluid. To broadly
and conceptually describe this process, we consider a highly
oblate, nearly two-dimensional (2D) BEC that is trapped in
a three-dimensional (3D) harmonic potential, for which the ẑ
axis corresponds to the direction strong confinement, and x̂
and ŷ define the weaker trapping axes in the 2D plane. Vor-
tices in such a system will have positive or negative circula-
tion that is quantized about ẑ, denoted here as vortices (V)
and anti-vortices (AV), respectively. The motion of every vor-
tex in the quantum fluid is governed both by the distribution
of all other vortices and by the condensate’s density gradients.
As a vortex approaches the edge of the BEC, its velocity com-
ponent parallel to the BEC boundary increases in magnitude
and its trajectory becomes increasingly parallel to the BEC
boundary. The vortex may then dissipate at the BEC bound-
ary, a process that is enhanced at higher temperatures of the
atomic system. Similarly, a blue-detuned laser beam prop-
agating along ẑ, and elongated along ŷ and tightly focused
along x̂ can be used to slice the BEC into two regions and
define an interior BEC edge. A vortex that approaches this
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interior edge is expected to move along the inner BEC edge
induced by the laser beam, and to thereby be induced to move
to the outer edge of the BEC whereupon it can be eliminated
from the BEC by dissipation. Surprisingly, there appear to
be relatively few studies concerning the motion of vortices in
more narrow superfluid regions; see, e.g., Ref. [28], which
tackles vortex leapfrogging in such settings.

Our envisioned vortex removal technique utilizes a one-
dimensional blue-detuned OL to segment the BEC into a se-
ries of narrow parallel channels; the segmentation is signifi-
cant relative to the density distribution of atoms in the BEC,
but is not so strong as to eliminate the phase coherence be-
tween segments of the BEC. To the best of our knowledge,
such segmentation has not been used in studies of vortex dy-
namics in parallel, narrow elongated channels. Accordingly
in our setting, any vortices present prior to the application of
the OL potential, such as vortices that might be created spon-
taneously during BEC formation or generated by a stirring
process, should be channeled to the edges of the BEC once
the lattice potential is applied. The OL can then be removed,
returning the BEC to the harmonic potential in a vortex-free
state under appropriate conditions of OL potential depth and
periodicity. We refer to this entire process of vortex removal
by application of the OL as a “vortex comb,” in analogy with
the use of a comb to remove tangles from hair. Our aim, upon
showcasing a proof-of-principle experimental demonstration
of the concept, is to establish a theoretical and computational
backdrop for the vortex comb procedure. Detailed numerical
simulations performed under broad ranges of choices for the
OL amplitude and periodicity allow us to assess the efficacy of
the combing process and to analyze the vortex removal mech-
anisms that are present in the process.

The remainder of this paper is organized as follows. We
first describe the experimental procedure and present results
demonstrating the effectiveness of the vortex comb in Sec. II.
We then turn to a theoretical framework presented in Sec. III,
based on which we conduct numerical simulations described
in Sec. IV. The associated findings provide a conceptual un-
derstanding of the physical processes observed to be at work
in the combing process. Our simulations reveal that the simple
picture of vortex channeling presented above is incomplete;
under optimized conditions, we observe more complex dy-
namics, including the density-phase separation process men-
tioned above. For the parameter ranges studied, we identify
optimal conditions for the combing process, and finally, upon
summarizing our results, we provide conclusions and possi-
bilities for future research in Sec. V.

II. EXPERIMENTAL DEMONSTRATIONS

Our experiments begin with the creation of a 87Rb BECs
of up to 1.3 × 106 atoms held in a hybrid optical-magnetic
trap; see Ref. [29] for apparatus and experimental details.
The BECs are created with atoms in the 5 2S1/2, F = 1,
mF = −1 hyperfine state. The trap is highly oblate and ap-
proximately harmonic, with measured trap frequencies of (ωx,
ωy , ωz) = 2π× (2.8, 8.5, 38.5) Hz where ẑ corresponds to the

vertical direction. Typical chemical potentials for the BECs
are approximately µ0 ≈ 1.4 × 10−31 J ≈ 5.6 ℏωz as calcu-
lated from a measured Thomas-Fermi radius of 80 µm along
the x̂ direction. From these parameters, the healing length
ξ0 at maximum density is calculated to be ξ0 ≈ 0.52µm.
Although the BEC is a 3D quantum fluid, it is nevertheless
highly oblate, and vortex dynamics are expected to be nearly
two-dimensional [30]. Accordingly, in this limit, each singly
quantized vortex has positive or negative circulation that is
quantized about the ẑ direction. As such, in order to deter-
mine the presence of vortices, we image the BECs along the
ẑ axis after approximately 12 ms of expansion following the
release of the BEC from the optical component of the hybrid
trap; the magnetic component remains present to support the
atoms from falling due to gravity. In the expansion procedure,
the BEC expands rapidly along the ẑ direction with an accom-
panying decrease in atomic density, enabling any vortex cores
present to expand in size and become visible in the image of
the BEC.

Vortices are stirred into the BEC by adiabatically ramping
on a 660-nm laser beam that pierces the BEC. The beam is
focused to a beam radius of 10 µm at the BEC. The maxi-
mum optical potential provided by the beam is equivalent to
approximately the BEC chemical potential µ0. By applying
time-dependent bias magnetic fields, the BEC is moved in
four small circles in the (x̂, ŷ) plane over 800 ms, such that
the laser beam acts as a stirring rod to induce the formation
of vortices similar to earlier work of a subset of the authors
in connection to quantum turbulence in Ref. [31]. The laser
beam is then adiabatically ramped off, leaving behind approx-
imately 18 vortices on average in the BEC. Our experiments
with the vortex comb, described next, begin under these initial
conditions.

Without the comb, after 2 s of additional hold time, the
mean number of vortices observed was 7.8 (1.5). With 4 s of
additional hold time after stirring, the observed mean vortex
number was 6.8 (0.48), and for 8 s of hold time the observed
mean vortex number was 5.4 (1.2). The uncertainties reported
in parentheses are the standard deviations of counted vortices
obtained through repeated observations after identical stirring
and hold processes. The fast initial decay of vortex number
is presumably due to a combination of thermal damping with
vortices being lost at the edge of the BEC, and to V-AV annihi-
lation. As we will show, additional vortex dynamics processes
play key and distinct roles in the combing protocol relevant
when the OL is applied.

The vortex comb is created by intersecting and interfering
two linearly polarized 532-nm laser beams at the position of
the BEC. The beams propagate in the (x̂, ŷ) plane and inter-
sect at an angle of ∼9.4◦, producing a periodic array of in-
terference fringes with a measured period of 3.46 ± 0.05 µm,
with the error primarily due to imaging system magnification
calibration uncertainty. Each beam has a Gaussian profile with
a beam diameter of 0.85 mm. Because the interference region
occurs over a much larger region than that occupied by the
BEC, the maximum intensity of the interference fringes varies
insignificantly over the size of the BEC for the purposes of our
experimental assessment. With 130 mW of optical power in
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FIG. 1. Representative images of BECs under various conditions: (a)
Immediately after the stirring process, with no hold time, and 12 ms
of expansion from the optical trap. (b) Same as (a) but with 4 s hold
time between stirring and expansion. (c) Same as (b) but with 8 s
hold time. (d) Same as (b) but with a 4-s (total time) ramp of the
comb at a peak comb potential depth of V0 ∼ 5.9µ0. (e) In situ
image of a BEC with the OL on at a depth corresponding to 14.5 µ0.
In this case (e), there was no stirring of the BEC prior to the applica-
tion of the OL. In all cases, the scale bars indicate the equivalent of
a 50-µm span in object (BEC) space, not on the camera’s sensor.

each beam, the corresponding maximum potential height V0
of the comb is ≈ 5.9µ0, given in terms of the BEC chemi-
cal potential µ0 calculated for the harmonically trapped BEC
without the comb present.

We examined the efficacy of the vortex comb concept for
the removal of vortices in the BEC through the following
steps and numerous runs of similar experiments. First, for
each experimental run, we stirred vortices into the BEC as de-
scribed above. We then ramped on the comb linearly in time
for 1 s, 2 s, or 4 s, and then immediately ramped the beams
back off over the same durations, for total ramp times Ttot
of 2 s, 4 s, and 8 s. Finally, we expanded and imaged the
BEC, and counted the number of vortices remaining in the
BEC in order to compare with the mean numbers of vortices
remaining in the BEC after holding for the same total time but
without using the comb. The primary experimental parame-
ters that we adjusted were the comb ramp-on and ramp-down
times (which were identical to each other for all cases) and
the height of the comb potential. We did not vary the period-
icity of the OL fringes in our experiment, although variations
of this parameter are, in principle, experimentally accessible
and were examined in the numerical study described in the
following sections.

In Figure 1(a)–(c), we show representative examples of
BECs containing vortices after 0, 4, and 8-second hold times
that followed our standard stirring process. Each case shows
a BEC after an additional 12-ms period of expansion after the
removal of the optical component of the hybrid trap. Fig-

FIG. 2. Fraction of vortices remaining after a 4-s (total time) comb
ramp, vs. maximum height V0 of the comb potential in units of chem-
ical potential µ0. The error bars indicate 95% confidence intervals,
assuming Poisson statistics for the number of vortices generated and
the number of vortices removed by the comb. Note that error bars
are not necessarily symmetric about the mean fraction, as a fraction
of vortices measured must be between 0 and 1.

ure 1(d) shows an image of a vortex-free BEC after a comb
ramp of Ttot = 4 s for V0 ∼ 5.9µ0, demonstrating the success
of removing vortices from the BEC with these particular comb
parameters. Figure 1(e) shows an in situ and further magni-
fied image of a BEC in the presence of an OL of maximum
potential energy V0 ∼ 14.5µ0. In this last case, the BEC was
not stirred prior to ramping on the comb.

We first quantified the efficiency of this vortex removal
technique by implementing a comb ramp of duration Ttot =
4 s and acquiring data for various values of V0 up to 14.5 µ0.
For each value of V0, we determined the mean number Nv

of vortices remaining after repeated observations for a given
set of OL parameters. Assuming Poisson statistics, we de-
termined a 95% confidence interval about the observed mean
vortex number. Note that such a confidence interval is not
necessarily symmetric about the mean. For example, a mean
vortex number arbitrarily close to zero will not have uncertain-
ties that extend to negative values, and may have much larger
uncertainties towards larger vortex numbers. We then deter-
mined the fraction of vortices remaining by dividing Nv and
the associated uncertainty values by 6.8, the mean number of
vortices observed after a 4-s hold without the comb applied.
Our results are shown in Fig. 2.

Similar to the data of Fig. 2, we examined the fraction
of vortices remaining after applying a combing process with
V0 ∼ 5.9µ0 for ramps with Ttot equal to 2 s, 4 s, and 8 s, and
we compared the results with the mean number of vortices re-
maining after the relative matching hold times for comb-free
cases. With Ttot = 2 s, the mean vortex fraction remain-
ing was 0.041(+0.049,-0.027), where the positive uncertainty
(towards larger fractions) is reported first within the parenthe-
ses, and the negative-trending uncertainty value is second. For
this data set, out of 19 runs of the experiment, vortices were
completely removed from 13 runs (68%). With Ttot = 4 s,
the mean fraction remaining was 0.023(+0.044,-0.019); out of
19 runs of this experiment, vortices were completely removed
from 17 runs (89%). Note that this result for the Ttot = 4 s
case is also indicated in Fig. 2. With Ttot = 8 s, the mean frac-
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tion remaining was 0.018(+0.045,−0.017); out of 21 runs,
vortices were completely removed from 19 runs (90%).

From our experimental demonstrations, we draw the fol-
lowing conclusions. First, the application of the comb is in-
deed a viable method for vortex removal, as envisioned. Sec-
ond, for the time scales of comb application and for the comb
parameters studied, there is no observable heating or excita-
tion of the BEC imposed by the comb; the condensate radii are
identical (within error limited by shot-to-shot fluctuations) to
BEC radii prior to application of the comb. Third, with V0 ap-
proximately in the middle of the range of values examined, the
combing efficiency is highly successful irrespective of mod-
erate changes in the timescale of the vortex comb ramp. We
therefore conclude that this vortex combing method can be a
robust and viable technique that can be applied in experiments
where controlled removal of vortices is desired.

However, there are numerous open questions that our exper-
iments have not addressed. First, in the experimental proce-
dure, we are unable to specifically pinpoint the physical mech-
anisms responsible for vortex removal. Second, with the lim-
ited experimental configurations examined —especially using
a fixed OL periodicity —we are not able to identify whether
or not there is an optimum set of comb parameters for vor-
tex removal within a larger parameter space that includes OL
periodicity. Third, we imagine that there are comb parame-
ters that could possibly be too aggressive, i.e., that excite the
condensate so much that even if vortices are removed during
comb application, new vortices may be generated during the
comb removal step. To address these issues, we turn to an ex-
tensive set of numerical simulations for the remainder of this
paper. While the harmonic trap frequencies considered in the
numerical studies are chosen to be equivalent to those of the
experiment, our numerical studies assume fewer atoms and
fully 2D simulations in order to efficiently scan a wide range
and various combinations of comb parameters. We note that
while our BECs are indeed three-dimensional, the largest BEC
width-to-thickness aspect ratio of ωz/ωx ∼ 13.8 suggests that
vortices behave as if their dynamics are two-dimensional [30],
and that the cores do not significantly bend or tilt out of the
(x̂, ŷ) plane. Therefore, 2D simulations are expected to cap-
ture relevant vortex dynamics. Our primary numerical re-
sults that follow support the conclusion that an optimal set of
comb parameters does indeed exists for vortex removal, and
we identify previously unreported vortex dynamics that may
exist in the presence of an OL potential, notably in the case
where the lattice spacing is comparable to the the size scale
typically associated with a vortex core.

III. THEORETICAL SETUP

We now turn to the theoretical formulation enabling a sys-
tematic analysis of the vortex combing process and accompa-
nying vortex dynamics. For a fully 3D BEC having the matter-
wave field ψ(x, y, z, t), the mean-field dynamics of ψ are an-
alyzed using the Gross-Pitaevskii equation (GPE) [4, 32]

iℏ
∂ψ

∂t
= − ℏ2

2m
∇2ψ +

4πℏ2a
m

|ψ2|ψ + (V − µ)ψ, (1)

where ∇2 is the Laplacian (here in 3D), m is the mass of an
atom, µ is the chemical potential, a is the s-wave scattering
length, and ψ is normalized to the total number of atoms. The
external potential V is a combination of a harmonic trapping
potential VHT and a periodic (in x) OL potential VOL of the
forms:

V (x, y, z, t) = VHT(x, y, z) + VOL(x, y, z, t),

VHT(x, y, z) =
m

2

(
ω2
xx

2 + ω2
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2 + ω2
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2
)
, (2)

VOL(x, y, z, t) = f(t)× V0
2

sin

(
2πx

xw

)
.

Here, ωx,y,z are the angular frequencies associated with har-
monic trapping, and V0 and xw are, respectively, the OL total
amplitude (from minimum to maximum potential energy) and
fringe spacing (i.e., periodicity). We henceforth refer to V0 as
the “comb amplitude.” The dimensionless parameter f(t) reg-
ulates the temporal switching (ramping on and off) of the OL
(see below), for which 0 ≤ f(t) ≤ 1. In this formulation, the
comb amplitude V0 plays a role identical to V0 as described
in the experimental section above. This is because although in
the experiment the OL potential acts through its intensity (i.e.,
a sin2 potential), the potential that we consider in Eq. (2) (i.e.,
a sin potential) has the same shape after an appropriate rescal-
ing of its periodicity and the addition of a DC offset (which
will not alter the dynamics of the system).

Given the highly oblate nature of the BECs and trapping
configurations used in the experiment, we consider for our
simulations a quasi-2D configuration for which ωz ≫ ωx, ωy ,
although the experimental values do not strictly fall into this
limit. As noted, this assumption allows efficiency in scan-
ning a large OL parameter set. We then make the standard
ansatz ψ(x, y, z, t) = ψ3D(x, y, z, t)× e−iωzt/2, whereby the
wavefunction ψ3D lies in its ground state along the strong
confining (ẑ) direction. Thus, one may approximate the
3D wavefunction using the decomposition ψ3D(x, y, z, t) =
Ψ(x, y, t) × ϕ(z) [4, 32], where ϕ(z) is the single-particle
ground-state wavefunction for the ẑ direction, normalized to
1, and Ψ(x, y, t) is normalized to the total number of atoms

Natoms =

∫
x,y

|Ψ(x, y, t)|2 dxdy, (3)

which, in the current description in the absence of finite-
temperature loss effects, is conserved. This leads to the ef-
fective 2D GPE:

iℏ
∂Ψ

∂t
= − ℏ2

2m
∇2

x,yΨ+ g2D|Ψ|2Ψ+ (V2D − µ)Ψ, (4)

where now ∇2
x,y is the 2D Laplacian in (x, y), the reduced 2D

potential is given by

V2D(x, y, t) = VHT(x, y, 0) + VOL(x, y, 0, t),

and the 2D rescaled (effective) nonlinearity coefficient is

given by g2D =
√
8π aσz × ℏωz [32], where σz ≡

√
ℏ

mωz
is
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to be interpreted as a characteristic harmonic oscillator length
scale for the ẑ direction. We consider and reference below the
experiment’s value for ωz in order to set an energy and time
scale for the simulations that are comparable with those of the
experiment. The intrinsic length scale of the condensate, char-
acterizing the approximate width of vortex cores, is given by

the healing length ξ =
√

ℏ2

2mµ for the effective 2D GPE (4).

Finally, to take into account finite-temperature effects, we
add a phenomenological dissipation constant γ to the 2D GPE,
yielding the 2D damped GPE

(i−γ)ℏ∂Ψ
∂t

= − ℏ2

2m
∇2

x,yΨ+g2D|Ψ|2Ψ+(V2D −µ)Ψ. (5)

The dimensionless parameter γ phenomenologically accounts
for the interactions of the condensed atoms with a ther-
mal (non-condensed) atomic cloud for temperatures above
zero [20, 33–37], and can lead to the time dependence of
Natoms and thus we now explicitly add this time dependence
by using the notation Natoms(t). Typical experimentally rel-
evant values of γ correspond to γ ∼ 10−4 to 10−3 [20, 33–
37]. In what follows we explore the effects of including phe-
nomenological damping on the vortex combing process. Un-
less otherwise noted, our simulations use the following pa-
rameters: m = 1.45 × 10−25 kg and a = 5.31 × 10−9 m (as
is the case for 87Rb), (ωx, ωy, ωz) = 2π × (2.8, 8.5, 38.5)
Hz (per the experiment reported above), µ = 5.28 ℏωz ,
Natoms(0) = 3.5 × 105, and ξ = 0.591µm. In our simu-
lations below, we vary γ over the range 0 ≤ γ ≤ 0.05 and,
when not explicitly indicated otherwise, we use the prototyp-
ical value γ = 0.0005.

As in the experiments of Sec. II, to generate initial condi-
tions for our studies of the vortex comb, we introduce vortices
into the BEC prior to switching on the vortex comb. As per the
experiments, vortices are formed within the BEC by using an
additional time-dependent repulsive barrier that mimics stir-
ring the BEC with a laser beam. The stirring is controlled
by the maximum potential energy and shape of the beam and
the specific trajectory of the stirring within the BEC. For fast
enough stirring speeds, relative to the local speed of sound,
and in the absence of significant acoustic excitation [38, 39],
vortex pairs will be produced in the wake of the moving beam
[16, 26, 40]. In a manner similar to the experimental setup,
we stir using an elliptical orbit at constant speed that follows
a constant BEC density contour. The strength of the stirring
beam is linearly ramped up from zero, then kept at a constant
strength for an adjustable period of time, and finally ramped
down. However, the precise protocol to stir and create vortices
is not crucial to the main thrust of this work, as we are focus-
ing instead on the subsequent mechanism of vortex removal.

FIG. 3. (Color online) Evolution of a typical stirring process nucleat-
ing vortices in the BEC. In this case N+ = 8 positively charged and
N− = 6 negatively charged vortices remain at the conclusion of the
stirring process. The left column of panels depicts the BEC density,
with brighter regions corresponding to higher density, and with lo-
calized dark regions within the BEC indicating locations of vortices
and the stirring potential. Times of the stirring process (in ms) are
given in the upper right corners of the frames. The right column of
panels depicts the corresponding vorticity profiles (a dark/bright spot
corresponds to a negatively/positively charged vortex) at the times
indicated. The system parameters correspond to chemical potential
µ = 5.28 ℏωz and no phenomenological damping (γ = 0).

We denote by N+ (N−) the number of vortices with pos-
itive (negative) quantized circulation, or charge, about ẑ that
remain immediately after the stirring process ends, and before
the combing begins. Although the stirring beam creates vor-
tices in pairs (i.e., one with positive and one with negative cir-
culation), not all vortices created by stirring survive through
the entire stirring process due to annihilation and damping
mechanisms. The number of vortices remaining after stirring
is therefore typically smaller than the total number of nucle-
ated vortices. Additionally, since the stirrer introduces angular
momentum into the system, the number of positively and neg-
atively charged vortices remaining after stirring need not be
balanced, as some individual vortices may be dissipated at the
edge of the BEC. Figure 3 depicts a typical scenario where the
stirring process leaves behind N+ = 8 and N− = 6 vortices.
The left column depicts the density at the different times us-
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FIG. 4. Time profile controlling the amplitude of the optical lattice
potential.

ing a black-to-white color scheme where white corresponds
to the maximum density ρmax computed for all times. The
right column depicts the vorticity using a dark-to-bright color
scheme from wmin to wmax where wmin = −wmax and wmax

is the absolute value of the maximum vorticity computed for
all times. The vorticity is computed as the curl of the super-
fluid velocity which, in turn, is obtained by taking the gradient
of the wavefunction’s phase [32].

IV. NUMERICAL PROCEDURE AND RESULTS

A. Description of the numerical experiment

For the numerical computations that follow, Eq. (4) has
been discretized (as concerns the Laplacian) using a second-
order centered finite difference scheme with homogeneous
Dirichlet boundary conditions. We used a standard fourth-
order Runge-Kutta integration technique for propagating
Ψ(x, y, t) in time according to the damped 2D GPE of Eq. (4).

To study the effects of the vortex comb process numeri-
cally, we linearly ramp up the OL potential, leave it on for an
interval of time, and then linearly ramp it down again. The
time-dependent amplitude of OL is controlled by the time-
dependent profile

f(t) =



0 0 < t̃ < α

t̃− α

β − α
α ≤ t̃ ≤ β

1 β < t̃ ≤ 1−β

1− α− t̃

β − α
1−β < t̃ ≤ 1−α

0 1−α < t̃ ≤ 1

, (6)

where t̃ ≡ t/Ttot, Ttot is the total ramping time, and the di-
mensionless parameter α controls the time we allow for the
BEC to relax before ramping up the OL while the difference
β − α controls the time we allow for the ramp-up and ramp-
down of the OL. At the end of the ramping process, we also
leave a time interval of duration αTtot such that our studies
that involve changes to f(t) occur over identical total time in-
tervals Ttot. A pictorial representation of the relevant ramp-up
and -down procedure is depicted in Fig. 4. This ramp proto-
col is used in all of our numerical simulations. Note also that

FIG. 5. (Color online) Vortex combing for a relatively narrow fringe
spacing xw = 3.5ξ and maximum comb height of V0 = 1.3µ (left
two panels) and V0 = 3.6µ (right two panels). BEC density and
vorticity are shown as in Fig. 3. The times (in ms) indicated are with
respect to t = 0, the point at which the combing time profile f(t) is
initiated. For these simulations, we used γ = 0, Ttot = 500 ms, and
ramping parameters α = 1/5 and β = 2/5.

Ttot plays the same role here as it does in our experiments,
although here the additional parameters of α and β allow for
further flexibility in holding the OL at its maximum potential
energy prior to ramping the OL back down.

The aims of our simulations are to determine vortex re-
moval efficiency due to the combing process, and to under-
stand the associated vortex dynamics by monitoring the num-
ber and appearance of vortices within the BEC during and af-
ter the combing process. As described below in Sec. IV C, we
undertake a detailed study of the combing process by vary-
ing the comb’s parameters. To give context to the detailed
results that will be described, we first preview here prototyp-
ical examples that show at a large spatial scale the effects of
the combing process for two different maximal comb ampli-
tudes V0, first for xw = 3.5ξ in Fig. 5, and then for xw = 18ξ
in Fig. 6. In all of the cases of these two figures, we chose
Ttot = 500 ms, α = 1/5, and β = 2/5 such that all five
stages of the ramping process (see Fig. 4) last 100 ms each.

From these large-scale results, it is already apparent that
the combing procedure has the ability to significantly reduce
or completely eliminate the number of vortices in the BEC,
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FIG. 6. (Color online) Same as in Fig. 5 but for a wider fringe spacing
of xw = 18ξ.

and that a narrow OL periodicity may be more effective at
eliminating vortices than wide fringes, whereas a larger comb
amplitude V0 is not necessarily more effective than smaller
values.

B. Vortex Elimination Mechanisms

In order to better understand the effects of the combing pro-
cess, we now turn to a systematic description of the vortex
dynamics and the mechanisms of vortex elimination that we
have observed to occur in the combing procedure. We first
list and describe four different mechanisms that we have ob-
served and identified as playing a role in reducing the number
of vortices during the combing procedure.

1. Peripherally channeled vortices (PCV). In this case,
vortices are channeled along a comb fringe towards the
outer edge of the BEC (only when the comb is switched
on from α < t̃ < 1 − α) where they are eventually
eliminated from the bulk of the BEC. We have identi-
fied three different PCV-related scenarios as follows. (i)
A single vortex channeled by a comb fringe that is sub-
sequently absorbed at the outer edge of the BEC cloud;
see the vortex identified by the yellow circle in Fig. 7.
Note that when a vortex is located within a dark fringe,

FIG. 7. (Color online) Two cases of peripherally channeled vortices
(PCVs). The four rows of panels correspond, from top to bottom,
to density, log (in base ten) of density, phase, and vorticity. Time
(relative to t = 0) is indicated in ms in the top left corners of the
top row. Out of the three vortices in the central region of the panel
corresponding to t = 175 ms, the left-most one (see yellow circle)
is channeled on its own and gets absorbed at the periphery shortly
after t = 275 ms. In contrast, the middle vortex of these three (see
cyan circle), a positively charged vortex, pairs with the right vortex (a
negatively charged one; see magenta circle). This vortex pair travels
upwards where the vortices separate as the positively charged one
gets absorbed at the periphery of the cloud after t = 325 ms, while
the negatively charged vortex survives and continues its evolution
inside the bulk of the condensate. The comb parameters correspond
to the case xw = 3.5ξ and V0 = 1.3µ (i.e., left set of panels in
Fig. 5). The phenomenological damping coefficient is γ = 0.0005.

where density is non-zero but very low, the density dip
of a vortex (that is typical of a vortex in a bulk BEC)
is not readily apparent. Therefore, we also show the
density on a logarithmic scale to highlight the drop in
density that occurs at the phase dislocation. (ii) A vor-
tex pair that is channeled by a comb fringe and, as the
pair approaches the outer edge of the condensate, only
one vortex of the pair is eliminated; see the vortices in-
dicated by the cyan and magenta circles in Fig. 7. (iii) A
vortex pair that is channeled by a comb fringe and both
vortices are absorbed at the outer edge of the BEC; see
Fig. 8.

It is interesting to note that in the last case, as the vor-
tices are channeled through the BEC comb fringe, the
phase windings associated with the individual vortices
are temporarily lost as the vortex pair morphs into a
state reminiscent of a Jones-Roberts (JR) soliton [41–
45]; see, in particular, the snapshots between 200 and
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FIG. 8. (Color online) A case of a peripherally channeled vortex pair.
The items shown in the different panels are the same as in Fig. 7.
Two opposite-circulation vortices (see yellow and cyan circles) be-
come bound as a channeled vortex pair around t = 200 ms. As
the pair travels downwards, with the vortex phase singularities lo-
cated on either side of a bright fringe, the vortices lose their individ-
ual 2π phase slips and together turn into a JR soliton-like complex.
When this complex approaches the bottom edge of the cloud, the
phase slips reappear and the vortices start to separate. Both vortices
are eventually absorbed by the periphery of the cloud shortly after
t = 320 ms. The OL parameters correspond to the case xw = 3.5ξ
and V0 = 1.3µ (i.e., left set of panels in Fig. 5). Note that the circles
depicting the vortex positions are only shown when the correspond-
ing 2π phase winding is present.

240 ms. In Fig. 9 we show stationary, co-traveling, con-
figurations in free space consisting of a vortex pair (at
small velocities) that transforms into a JR soliton (for
larger velocities). These configurations were obtained
using a standard fixed-point iteration scheme for a sta-
tionary state mounted on a co-moving reference frame.
Note that the merger and subsequent separation of the
vortex pair in Fig. 8 is tantamount to a transition be-
tween a vortex pair and a JR soliton (which lacks the
phase singularities of the vortices) as shown in Fig. 9;
see the corresponding phase and vorticity profiles.

2. Vortex–anti-vortex (V-AV) annihilation. This elimina-
tion scenario is the commonly envisioned one when
two vortices of opposite charge come sufficiently close
together that they annihilate each other [16, 26, 27].
An example of such a mechanism is shown in Fig. 10.
These V-AV annihilations are absent in the case of suf-
ficiently narrow channels, as described below.

FIG. 9. (Color online) Transition between a vortex pair and a JR soli-
ton in an homogeneous background with µ = 5.28 ℏωz as the veloc-
ity is increased. The panels have the same meaning as in previous
figures; however, the labels in the top row here indicate the velocity,
as a fraction of the speed of sound, of the co-traveling frame where
these solutions were obtained. Note that the circles depicting the
vortex positions are only shown when the corresponding 2π phase
winding is present.

3. Damped vortices (DV). In this event type, which is
only ascribed after the OL has been turned off (i.e., for
t̃ > 1−α), due to the effects of thermal damping at pos-
itive temperatures, a vortex near the edge of the BEC
will migrate further towards the edge of the BEC where
its circulation will be irreversibly dissipated due to the
BEC’s inability to support flow around the phase sin-
gularity [5, 18–25] (see Fig. 11). More details on the
effects of incorporation thermal damping are given be-
low in Sec. IV D.

4. Density-phase-separated vortices (DPSV). To the best
of our knowledge, the vortex dynamics involved in the
vortex elimination mechanism described here have not
been previously observed and studied. In this mech-
anism, the vortex phase singularity separates from the
density profile of the vortex core. More explicitly,
the phase singularity disappears into the low-density
troughs of the BEC when the comb is present, while the
density profile of the vortex morphs into a soliton-like
structure associated with a density modulation. This
new excitation is dislocated from the phase singular-
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FIG. 10. (Color online) Vortex–anti-vortex (V-AV) elimination.
When the BEC fringes are sufficiently wide, V-AV eliminations are
observed. In this case, positively (yellow circle) and negatively (cyan
circle) charged vortices collide and annihilate each other shortly after
t = 290 ms creating a sound wave that heavily perturbs the remain-
ing vortices inside the fringe. The comb parameters correspond to
the case xw = 18ξ and V0 = 1.3µ (i.e., left pair of panels in Fig. 6).

ity now confined within the density trough, and the two
features appear to further evolve independently. The
density excitation created by this mechanism is remi-
niscent of a JR soliton, while the detached phase slip
migrates to and is eventually “lost” in the low-density
background at the edge of the condensate. We re-
fer to such an excitation as a “density-phase-separated
vortex” (DPSV). An example of this DPSV process is
shown in Fig. 12.

As would be expected, not all of the vortices are eliminated
by the combing process for all parameter ranges studied. The
vortices that survive in the BEC after the end of the comb-
ing process (or that were created during the combing process
itself; see below) are included in our statistical characteriza-
tions below, contributing to either a total number ofN+ (posi-
tively charged) orN− (negatively charged) vortices remaining
after the combing process has been concluded.

FIG. 11. (Color online) Damped vortex (DV) case. The comb pa-
rameters correspond to xw = 17.95ξ and V0 = 1.4µ (i.e., parameter
values close the ones in the left set of panels in Fig. 6) with a phe-
nomenological damping coefficient of γ = 0.0005.

C. Vortex Elimination Mechanisms: Observations Regarding
xw and V0

We now turn to a numerical examination of the effects of
the choice of comb parameters xw and V0 on the efficiency
of vortex removal due to the general combing protocol de-
scribed above. In this subsection, we summarize our general
observations obtained from many simulations. For the bulk
of our simulations, we use the choice of trapping parameters
and atom number described in Sec. III, and begin each simu-
lation with precisely the same initial state of the BEC with 18
vortices that is shown in the initial frames of Fig. 5 and Fig. 6.

We briefly discuss our general outcomes and observations
regarding the impacts of our choices of V0 and xw on the dif-
ferent vortex removal mechanisms previously discussed. The
OL parameters were varied so that we can search for a set
of parameters for which vortex elimination is optimized, as
discussed below in Sec. IV D alongside our data indicating
simulation results.

Generally, we note the following outcomes of vortex elimi-
nation when varying xw and V0:

1. Role of xw and V0 in vortex elimination by the PCV
mechanism. We observe that the PCV mechanism is
ubiquitous in the entire region of interest as suggested
in Fig. 13. PCV events seem to be most prevalent for
(i) relatively thin fringes (of the order of 3–4 healing
lengths) and relatively strong peak comb amplitudes
(e.g., 3µ < V0 < 4µ) and for (ii) relatively wide fringes
spacings (xw ≈ 18ξ) and weak peak comb amplitudes
(V0 ≈ 1.5µ).
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FIG. 12. (Color online) Single vortex turning into sound by the
DPSV mechanism, for xw = 3.5ξ and V0 = 1.3µ (i.e., left set
of panels in Fig. 5). The small yellow circle denotes the position
of the phase singularity of the vortex, while the larger dashed ma-
genta circle in the top row of density images depicts a circle with
a radius equivalent to one quarter of the local healing length calcu-
lated at the location of the phase singularity, indicating how large the
vortex would be if it existed in a homogeneous background having
the low density of the trough. Of primary note in this figure is the
separation of the phase singularity indicated by the yellow circles
from the density dip observable in the upper two rows of density and
log(density) images. The density-phase separation occurs between
times of t = 250 ms and t = 255 ms.

2. Role of xw and V0 in V-AV annihilations. V-AV anni-
hilations are primarily observed for wide comb fringes
with weaker amplitudes (e.g., 17.5ξ < xw < 18.5ξ and
1.2µ < V0 < 1.6µ; see Fig. 13). It seems that fringes
in this regime provide sufficient spacing for the vortices
of opposite charge to become proximal and annihilate
each other.

3. Role of xw and V0 in the DV vortex eliminations. We
observe that vortex elimination by damping is only
significant for cases of relatively high damping coef-
ficients, and generally when other vortex elimination
mechanisms are insignificant. For experimentally rel-
evant values of the damping coefficient, vortex removal
due to damping is practically minimal compared with
the other three vortex removal mechanisms.

4. Role of xw and V0 in the DPSV elimination mechanism.
We note that the DPSV process is the dominant mech-

FIG. 13. Loci of the number of remaining vortices after applying the
OL combing process as a function of the OL parameters V0 and xw

corresponding, respectively, to its strength and fringe spacing. The
system parameters correspond to Ttot = 1000 ms and γ = 0.0005,
and β = 2α = 2/5 while other parameters (i.e., chemical poten-
tial and trapping strengths) are the same as in other figures. The top
panels depict the total number of positively (N+; left) and negatively
(N−; right) remaining vortices. The bottom-right panel displays the
total number of remaining vortices (N = N+ + N−). The bottom-
left panel depicts the breakdown of the average number of removed
vortices averaged of the 3×3 grid of V0 and xw values corresponding
to the indicated blue squares. The green circles indicate the locations
for the six vortex count time series presented in Fig. 14. The gray
region corresponds to parameter values that we did not explore in
detail as the OL strength is too strong and the condensate is frag-
mented into individual, basically, non-interacting condensates.

anism for vortex removal (over PCV, V-AV, and DV) in
the regime of moderately thin fringes with sufficiently
strong comb amplitudes (for instance, roughly in the re-
gion of the parameter space where 2.5ξ < xw < 4.5ξ
and 1.4µ < V0 < 1.8µ; see Fig. 13). It appears that
for a fixed V0, smaller values of xw lead to larger po-
tential energy and BEC density gradients, which intro-
duce large variation of the nominal vortex characteris-
tic length scale (the healing length) across the vortex.
We suspect that such a large variation of background
density over the size of the vortex may play a role in
the causing the phase singularity of the vortex to get
detached from the vortex core (defined by the density
dip) and then “lost” into the vanishing density back-



11

FIG. 14. Time series of the combing removal for the six locations
depicted by the green circles in Fig. 13. The red dashed line depicts
the different stages of the comb ramping up and down.

ground at the periphery of the cloud. Interestingly, dur-
ing this process, the density excitation is reminiscent of
a JR soliton confined to a narrow channel. This soliton-
like structure appears to be generated (along with its as-
sociates phase profile) in the phase-singularity detach-
ment process and subsequently move through the nar-
row channel; see the phase and vorticity profiles of the
density dip of the DPSV in Fig. 12 in comparison those
of the vortex dipole and JR soliton in Fig. 9.

D. Optimized Protocols for Vortex Combing

Based on the above observations, we now assemble our
conclusions regarding the protocols that yield the minimal
number of remaining vortices. These findings are supported
by two-parameter diagrams under variations of xw and V0 in
Figs. 13–18, as we discuss in further detail in this section.
We also discuss the effect of variations of other parameters,
including damping γ and the parameters α and β that regu-
late the comb ramp time scales, for a fixed total time Ttot of
the ramping process. For these studies, we map out in pa-
rameter space the overall efficiency of vortex elimination by
summing N+ and N−, the numbers of of positively and neg-
atively charged vortices, respectively, remaining at the end of
the combing protocol including comb ramp-down.

1. Role of xw and V0 in overall vortex removal. As de-
picted in Fig. 13, the removal of vortices depends non-
trivially on the OL parameters. However, overall, there
is a band of narrow widths of a few healing lengths
where, for sufficiently large comb amplitudes (larger
than one third or so of the condensate’s chemical po-
tential), most vortices are successfully removed. Within
that region, for relatively narrow fringe widths, weaker

FIG. 15. Vortices produced by the combing process when starting
with no vortices before combing. The top left and right panels depict,
respectively, the final and maximum number of vortices achieved
during the combing process. The bottom two panels depict the time
series of the vortex numbers for the two locations depicted by the
green circles in the top panels. The parameters are the same as in
Fig. 13.

comb amplitudes remove vortices more efficiently. Fur-
thermore, for low comb amplitude, narrow fringes re-
move vortices more effectively than wider ones. Thus,
taking into account that we would like the comb am-
plitude to be as weak as possible in order to minimize
perturbations and excitations of the BEC, the optimal
removal takes place at the lower-left corner of the lo-
cus (see region inside the bottom-left blue square in the
N+ +N− locus in Fig. 13).

As we move from the lower right corner of the locus to
the lower left, with a fixed fringe width, the PCV mech-
anism decreases in number slightly while the DPSV
mechanism becomes more prominent. It is precisely
the newly identified DPSV mechanism that is respon-
sible for most of the vortex combing. However, it is
important for V0 to not be too low because then it has
minimal influence on the vortex dynamics. Similarly,
thinner fringes having a width on the order of the vor-
tex core width strengthen the DPSV mechanism, while
thicker fringes enable the vortices to survive within a
given fringe as if in a larger condensate. Again, how-
ever, if the fringes become too thin, one obtains an ef-
fective “homogenized” limit [46, 47] where the vortices
do not (practically) see the potential at all. In light of
that, the fringes should not be too thin in order to effi-
ciently remove vortices.

To supplement the previous results detailing the counts
of the different vortex removal mechanisms, we depict
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FIG. 16. Loci of the total number of remaining vortices after comb-
ing for the following phenomenological dissipation values γ = 0,
γ = 0.005, and γ = 0.05 (from left to right). All other parameters
are the same as in Fig. 13.

in Fig. 14 the time series of the number of vortices
N = N+ + N− as the combing process takes place
for the six (V0, xw)-parameter locations indicated by
the green circles in Fig. 13. As these different counts
indicate, the efficient removal of vortices for relatively
low values of xw degrades as V0 increases past V0 ≈ 2µ
as spurious vortices are produced when ramping down
the comb. This effect is even more pronounced for xw
values in the middle of the panel in Fig. 13 where the
comb effectiveness is dramatically reduced due to the
production of vortices during the ramping down of the
comb. This unintended vortex production is due to the
nucleation of vortices at the periphery of the cloud and
is a consequence of the strong density gradient varia-
tions produced by relatively tall (large values of V0) and
thin comb fringes. This effect is more clearly elucidated
in Fig. 15 where the effects of the combing mechanism
in the absence of initial vortices (namely, in the absence
of the stirring process) is depicted. As the figure sug-
gests, relatively large comb strengths result in steep and
quickly changing density gradients that nucleate vor-
tices. The above combined observations can be used
to shed some light into the location of the observed op-
timum parameter region within the (wide) array of pro-
tocols explored in Figure 13.

2. Role of γ in the remaining vortices. Stronger phe-
nomenological dissipation (γ) leads to faster spiraling
out of the vortices and thus a more effective DV re-
moval. Figure 16 depicts the loci of remaining vortex
after combing as γ is increased (from left to right). As
is observed in the figure, vortex removal by the dissipa-
tion mechanism (DV) does not contribute significantly
for values of γ of order of 10−3 or weaker. In this
weak dissipation regime, which is precisely the regime
of typical experiments, the comb removal mostly re-
lies on the other removal mechanisms (PCV, V-AV, and
DPSV). Therefore, for practical purposes and experi-
mentally relevant situations, the combing is not signif-
icantly affected by the presence of thermal atoms for
typical experimental temperatures of the BEC.

FIG. 17. Loci of the total number of remaining vortices after comb-
ing for Ttot = 500, 1000, 2000 ms. All other parameters are the same
as in Fig. 13.

FIG. 18. Loci of the total number of remaining vortices for different
values of α and β that control the ramping up, holding, and ramping
down of the combing process (see Fig. 4). All other parameters are
the same as in Fig. 13. The region in gray is forbidden as, by defini-
tion, β > α.

3. Role of Ttot in the remaining vortices. Naturally, the
longer the OL is held on, the more the vortices are
combed out of the condensate, as seen in Figure 17. All
of the vortex removal mechanisms that we have identi-
fied, namely PCV, DPSV, AV, and DV, then get to act
for a prolonged interval and affect the vortex dynam-
ics. This helps comb the vortices out of the BEC cloud
when the OL is switched on for a longer time.

4. Role of the ramping up, holding, and ramping down in-
tervals. Figure 18 shows the remaining vortex counts
as the holding profile parameters α and β are varied
(see Fig. 4). Not surprisingly, for smaller values of α
and β, corresponding (for a constant total combing time
Ttot) to a longer holding time of the comb, the combing
mechanism is more efficient at removing vortices. Inter-
estingly, there seems to be an overall tendency for the
number of removed vortices to be approximately con-
stant for α+β = const. In hindsight, this is straightfor-
ward since the total combing “work” or “action” could
be quantified by using the integral under the combing
profile which is proportional to A = 1 − (α + β)
(area under the curve of Fig. 4). Thus, constant α + β
is tantamount to a family of holding profiles with ap-
proximately the same combing action (when combining
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FIG. 19. Left panel: same as the left panel of Fig. 17 but for twice
the value of µ as previously used, so that now µ = 2×5.28 ℏωz .
Middle and right panels: same as Fig. 17 but for a circular trap with
trapping strengths (ωx, ωy, ωz) = 2π(8.5, 8.5, 38.5)Hz. The mid-
dle and right panels correspond, respectively, to starting with a total
vortex number of 32 and 60. The latter case corresponds to an initial
vortex density similar to the one in the elliptical trap cases.

ramping up, holding, and ramping down intervals).

5. The optimality of the vortex removal is robust with re-
spect to variations on the number of atoms and the ge-
ometry of BEC cloud. Finally, to complement our re-
sults, Fig. 19 shows the combing efficiency for differ-
ent atom numbers and geometries of the confining BEC
trapping. Specifically, the left panel of Fig. 19 shows
the remaining vortex count locus for a BEC cloud pre-
pared with a larger number of atoms corresponding to
twice the chemical potential compared to our previous
results (µ = 2×5.2844 ℏωz). As the figure suggests,
the location of the optimal combing parameters for this
larger chemical potential case is, as before, around the
lower-left corner of the parameter space. This seems to
suggest that (in the region of parameters of interest) op-
timal combing is not highly sensitive with respect to the
number of atoms in the BEC or the chemical potential.

We also explored the effects of changing the geometry
of the cloud. Specifically, the middle and right panels
of Fig. 19 depict the remaining vortex count loci for
a circular trap. The intention of this set of results is
twofold. First, to compare the previous case of an
elliptical trap —where the vortices had a narrower
vertical distance to travel to the edge of the cloud to
get combed out— with the circular trap case where
vortices need to travel a longer distance for them to
be eliminated at the edge of the condensate (via the
DPSV or PCV mechanisms). Second, the middle and
right panels of Fig. 19 correspond to different initial
vortex densities (the right panel has about twice as
many vortices compared to the middle panel) before
the combing process is turned on. The results tend to
suggest that the overall shape of the loci is not highly
dependent on the number of vortices to be combed.
Nonetheless, it is important to mention that, for larger

chemical potentials and for larger number of vortices,
complete vortex removal would need longer combing
times —note that the remaining vortex count minima
of the loci in Fig. 19 are not zero. In that sense, the
elliptical, anisotropic trap setting is more prone to
combing than its isotropic, circular analogue. Overall,
the results of Fig. 19 tend to suggest that, as was the
case before, the optimal combing parameters lie in the
bottom-left corner of the parameter space.

V. CONCLUSIONS AND FUTURE EXPLORATION

In this work, we have experimentally demonstrated a novel
method for efficiently removing vortices from a highly oblate
BEC, and we have studied the vortex removal mechanisms
in depth with simulations based on the 2D GPE. Our vor-
tex removal technique relies on the application of an optical
lattice potential to the BEC for a short period of time. Our
main findings indicate that for the parameter ranges studied,
there exists an optimal range for optical lattice depth and pe-
riodicity for efficient vortex elimination from the condensate.
Within this optimal range, vortex removal occurs via a vari-
ety of mechanisms, including by a mechanism that involves
the density modulation location of the typical vortex profile
separating from the location of the phase singularity. We are
unaware of previous studies or descriptions of this dynamical
process. Generally, the ability to efficiently remove vortices
from a BEC may prove useful in experiments for which the
BEC must be in its lowest energy state prior so subsequent
experimental protocols, such as in controlled studies of vor-
tex nucleation and dynamics at the few-vortex level; relevant
studies that could make use of this technique have been exper-
imentally performed, e.g., in Refs. [48–50]. The mechanisms
investigated here might also be used for studies of vortex dy-
namics in turbulent systems, perhaps for which vortices are
removed from a section of the BEC by a combing technique,
and subsequent dynamics of the remaining vortices are exam-
ined.

The considerations presented herein suggest numerous ad-
ditional possibilities for future work. The systematic charac-
terization of the DPSV mechanism and its specific conditions
for existence is of particular interest. The connection of this
mechanism, among others, with the existence and stability of
JR soliton (and also vortex-dipole) traveling states in narrow
channels is also of considerable interest. Finally, we remain
mindful that all of our computational considerations were con-
strained (due to the computational expense of 3D runs) to two
spatial dimensions. Nevertheless, it is of particular interest
to characterize more systematically the dynamics of the asso-
ciated narrowly confined vortex lines in three spatial dimen-
sions; see, e.g., the visualizations of such confined vortical
structures (in a rotating condensate) in the work of Ref. [51].
These topics may be explored in future work.
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González, The Defocusing Nonlinear Schrödinger Equation:
From Dark Soliton to Vortices and Vortex Rings, Other Titles in
Applied Mathematics (Society for Industrial and Applied Math-
ematics, Philadelphia, 2015).

[33] A. A. Penckwitt, R. J. Ballagh, and C. W. Gardiner, Phys. Rev.
Lett. 89, 260402 (2002).

[34] N. P. Proukakis, S. A. Gardiner, M. J. Davis, and M. H.
Szymanska, Quantum Gases: Finite Temperature and Non-
Equilibrium Dynamics (Imperial College Press, London, 2013).

[35] N. P. Proukakis and B. Jackson, Journal of Physics B: Atomic,
Molecular and Optical Physics 41, 203002 (2008).

[36] P. Blakie, A. Bradley, M. Davis, R. Ballagh, and C. G. and,
Advances in Physics 57, 363 (2008).

[37] A. Griffin, T. Nikuni, and E. Zaremba, Bose-Condensed Gases
at Finite Temperatures (Cambridge University Press, Cam-
bridge, 2009).

[38] M. T. Reeves, B. P. Anderson, and A. S. Bradley, Physical Re-
view A 86, 053621 (2012).

[39] K. E. Wilson, E. C. Samson, Z. L. Newman, T. W. Neely,
and B. P. Anderson, in Annual Review of Cold Atoms and
Molecules, Vol. 1, edited by K. W. Madison, Y. Wang, A. M.
Rey, and K. Bongs (World Scientific Publishing Company,
2013) pp. 261–298.

[40] T. Winiecki, J. F. McCann, and C. S. Adams, Physical Review
Letters 82, 5186 (1999).

[41] C. A. Jones and P. H. Roberts, Journal of Physics A: Mathemat-
ical and General 15, 2599 (1982).

[42] C. A. Jones, S. J. Putterman, and P. H. Roberts, Journal of
Physics A: Mathematical and General 19, 2991 (1986).

[43] N. G. Berloff, Journal of Physics A: Mathematical and General
37, 11333 (2004).

[44] N. Meyer, H. Proud, M. Perea-Ortiz, C. O’Neale, M. Baumert,
M. Holynski, J. Kronjäger, G. Barontini, and K. Bongs, Phys.
Rev. Lett. 119, 150403 (2017).

[45] M. Baker-Rasooli, T. Aladjidi, N. A. Krause, A. S. Bradley, and
Q. Glorieux, Phys. Rev. Lett. 134, 233401 (2025).

[46] C. Sparber, SIAM Journal on Applied Mathematics 66, 820
(2006).

[47] B. Ilan and M. I. Weinstein, Multiscale Modeling & Simulation
8, 1055 (2010).

[48] S. Middelkamp, P. J. Torres, P. G. Kevrekidis, D. J.
Frantzeskakis, R. Carretero-González, P. Schmelcher, D. V.
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