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Observation of vortex dipolesin an oblate Bose-Einstein condensate
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We report experimental observations and numerical sinematof the formation, dynamics, and lifetimes
of single and multiply charged quantized vortex dipolesighly oblate dilute-gas Bose-Einstein condensates
(BECs). We nucleate pairs of vortices of opposite chargetéxaipoles) by forcing superfluid flow around a
repulsive gaussian obstacle within the BEC. By controltimg flow velocity we determine the critical velocity
for the nucleation of a single vortex dipole, with excellagreement between experimental and numerical
results. We present measurements of vortex dipole dynafinickng that the vortex cores of opposite charge
can exist for many seconds and that annihilation is inhibitbeour highly oblate trap geometry. ForfBaiently
rapid flow velocities we find that clusters of like-chargetic@s aggregate into long-lived dipolar flow structures.

PACS numbers: 03.75.Kk, 03.75.Lm, 67.85.De

Vortex dipoles consist of a bound pair of vortices of op-deterministically nucleated by causing a highly oblate- ha
posite circulation and may exist in both classical and quanmonically trapped BEC to move past a repulsive obstacle. We
tum fluids. Although single vortices carry angular momen-measure a critical velocity for vortex dipole shedding, and
tum, vortex dipoles can be considered as basic topologicdind good agreement with numerical simulations and earlier
structures that carjnear momentumlIll] in stratified or two- theory E:B]. Experimentally, the nucleation process eithib
dimensional fluids. Vortex dipoles are widespread in ctassia high degree of coherence and stability, allowing us to map
cal fluid flows, appearing for example in ocean currehlts [2Jout the orbital dynamics of a vortex dipole. We find that vor-
and soap filmsl|3], and have been described as the priex dipoles can survive for many seconds in the BEC without
mary vortex structures in two-dimensional chaotic flols [1] self-annihilation. We also provide evidence for the forimat
In superfluids, the roles of quantized vortex dipoles appeaof multiply charged vortex dipoles.
less well established. Given the prevalence of vortices and The creation of BECs in our lab is described elsewhere
antivortices in superfluid turbulence B—G], the Berezinsk [ﬂ@@] In the experiments reported here, we begin with
Kosterlitz-Thouless (BKT) transitioE|[7], and phase titina a BEC of 2x 10° atoms in a highly oblate harmonic trap.
dynamics Ebgl], a quantitative study of vortex dipoles wil Our axially symmetric trap is created by combining a red-
contribute to a broader and deeper understanding of sujgerfludetuned laser light-sheet trapping potential with a magnet
phenomena. The realization of vortex dipoles in dilute Bosetrapping potential, producing a BEC with an 11:1 aspect ra-
Einstein condensates (BECs) is especially significant &8BE tio and a Thomas-Fermi radius of 52n radially, as shown
provide a clean testing ground for the microscopic physics oin Fig.[d(a,b). The BECs are additionally penetrated by a fo-
superfluid vorticeslﬂ 4]. In this paper we present an exeused blue-detuned laser beam that serves as a repulsive ob-
perimental and numerical study of the formation, dynamicsstacle; the beam has a Gaussig tadius of 10um and is
and lifetimes of single and multiply charged vortex dipales initially located 20um to the left of the minimum of the har-
highly oblate BECs. monic trap as shown in Fif] 1(c). To nucleate vortices we

Numerical simulations based on the Gross-Pitaevskii equaranslate the harmonic potential in the horizongldirection
tion (GPE) have shown that vortex dipoles are nucleated wheat a constant velocity until the obstacle ends upfto the
a superfluid moves past an impurity faster than a criticalael  right of the harmonic trap minimum. At the same time, the
ity, above which vortex shedding induces a drag fd_EH_L_th, 16 height of the obstacle is linearly ramped to zero as shown in
Vortex shedding is therefore believed to be a mechanism foFig.[d(d,e), allowing us to gently create a vortex dipole tha
the breakdown of superfluiditﬂllﬂm]. Experimental sagdi undfected by the presence of an obstacle or by heating due to
of periodic stirring of a BEC with a laser beam have measureanoving the obstacle through the edges of the BEC where the
a critical velocity for the onset of heating and a drag forne o local speed of sound is small. For our conditions, the hgalin
superfluid rowQO], and vortex phase singularities havdength at trap center is 0.3 um, which is approximately the
been observed in the wake of a moving laser b@nlﬂl, 22kize of vortex cores in our trapped BECs. After a subsequent
However, a microscopic picture of vortex dipole formation variable hold time;, we remove the trapping potential and ex-
and the ensuing dynamics has not been established expepand the BEC for imaging, causing the vortex cores to expand
mentally. In the work reported here, single vortex dipoles a relative to the condensate radius such that they are djtical
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FIG. 1. lllustration of the BEC initial state and the expegimal se- Vg [um/s]
guence. (a) Side-view phase-contrast image and (b) axsarption
image of a BEC in the highly oblate harmonic trap in the absegic
the obstacle. Lighter shades indicate higher column dessitte-
grated along the line of sight. Our axial and radial trapgheguen-
cies arew, = 2 x (90 Hz) andw, = 27 x (8 Hz), respectively. (c)
BEC initial state with the obstacle located»at= —20um relative
to the BEC center. (d,e) The maximum repulsive potentiatgne
of the obstacle i$Jy ~ 1.2uy (Whereug ~ 8hw, is the BEC chem-
ical potential) and is held constant during evaporativelingo It is
ramped down linearly as the trap translates; relative tdrtyecen-
ter, the beam moves from positiog = —20 um to xs = 14 um over

a variable sweep timg. The BEC is then held in the harmonic trap
for a variable time;, prior to expansion and absorption imaging.

FIG. 2. Average number of vortex cores observed for a range of
translation velocitiess with N, ~ 2 x 10° atoms in the BEC. Ex-
perimental data points (black diamonds) are averages ofud® r
each, with error bars showing the standard deviation of theee
vations. Numerical data fd¥, = 2 x 10° at a system temperature of
T = 52 nK, corresponding to the experimental conditions, adé in
cated by triangles joined with dotted lines. Fewer atomslaner
temperatures reduce the critical velocity; as an examplen gircles
show the results of numerical simulations uskg= 1.3 x 1¢° and
T = 0. Forvs £ 170 um/s, remnant vortices arising spontaneously
during condensate formation (see Ref] [11]) account fobtieeline
of ~ 0.3. Foruvs ~ 190 um/s, the inset images show a single pair
of vortices having formed in the experiment (left) and siatigns
. L ) . (right). Because the vortex core diameters are well belowiroag-
resolvable. An example axial absorption image is shown inng resolution, the BEC is expanded prior to imaging. Sirhjiahe
the left-most inset image of Figl 2. vortex cores in the unexpanded numerical image are barsilylej a

In Fig.[2 we plot the average number of vortices observed 0um-wide inset provides a magnified scale for the core size vabo
as a function of the trap translation velocity In our ex-  vs ~ 200um/s, multiply-charged vortex dipoles are observed. The

vortex occurring during condensate formation even prior td?Y the vertical dashed line.
trap translation; see Reﬂll] for further details. Thigeg

a non-zero probability of observing a single vortex for thevortex dipole and hold the BEC for variable timeprior to

lowest translation velocities in Fi§l 2 even when flow with- . . . . .

) expansion and imaging, with results shown in Eig. 3(a). The
out drag is expected. The results of zero-temperature AN peatability and coherence of the vortex nucleation Eoce
finite-temperature c-field numerical simulatiohs| [27] alsoa P Y

shown — for simulation details see Réj__._|[25]. There is goodls clear: in back-to-back images with increastpghe vortex

agreement between simulation and experimental results arPOSitiOnS and orbital dynamics can be followed and the dipol
gre . I . per . “"nature of the superfluid flow is microscopically determined.
we identify a critical velocityy. for vortex dipole formation

between 17gim/s and 19Qum/s for N, = 2 x 10° atoms and These measurements also determine the direction of super-

: fluid circulation about the vortex cores, analogous to treeca
temperaturel = 52 nK. Recently, Crescimanret al. ] . . i : 9
S . . of single vortlces|E2]. the image sequence shows counter-
have calculated the critical velocity for vortex dipole rfta-

T . Lo . clockwise fluid circulation about the vortex core in the uppe
tion Ina 2.D BEC in th? Thomas—_Ferm| regime. By using th?half of the BEC and clockwise circulation in the lower half.
nonllneanty_and chemu_:al potenhgl_ of our 3D. system intthei The orbital dynamics were also examined in zero-tempegatur
For our conditons, he maximum Speed of sound at the raGFE SMUIaTons, as shown in FI. 3(6) (25], and the exper.
' P Bnental and numerical data are in good agreement regarding

center is calculated to m?N 1700.’“m/5; qur measurements vortex dipole trajectories, as shown in Higj. 3(c). The iifet
show thaty, ~ 0.1c, consistent with previous measurements . . . . .
of a single vortex dipole is much longer than the first orbital

of a cr|t|cal_ velocity fc_)r the onset of a drag for@[ZO]._ period of~1.2 s (see below), although after the first orbit the

In an axi-symmetric trap such as ours, a vortex dipole co- . .
- ; . . vortex trajectories become less repeatable from sholrbd-s
incides with a meta-stable state of superfluid flow with peten

. L . - " However, it is the large-scale flow pattern of the first orbit
tially long lifetimes @J.—__?;b]. The vortices exhibit periodr- that is perhaps most indicative of the qualitative conmecti

bital motion, a 2D analogue of the dynamicsofasinglevorte% oD fluid and classical dipolar fluid fl
. 31 b h q i leat inal etween 2D superfluid and classical dipolar fluid flows.
fng ﬂﬁ ]. To observe these dynamics we nucleate a single For trap translation velocities well abowe we observe



FIG. 3. Sequences of images showing the first orbit of vortpald dynamics. (a) Back-to-back expansion image’s [26hftbe experiment
with 200 ms of successive hold time between the gB80square images. This data sequence was taken using acletimaht 3.15 times
larger than that used for the data of IFi. 2, as we find thissgive highest degree of repeatability and the least setsttivbeam displacement.
(b) 62um-square images from numerical data obtained for conditsimilar to the data of sequence (a), but for a temperatufe-00. The
apparent vortex core size is smaller in the simulations ashesv in-trap data rather than expanded BECs. (c) Black aridgtay small
circles show average positioms andy, of each of the two vortices from 5 sequences of experimentia, dach sequence using a procedure
identical to that of sequence (a). The larger circle arowaah&verage position point represents the standard deviaftithe vortex positions
at that specific hold time, and is calculated from the 5 imag#ained at that time step. A continuous dipole trajectooynf sequence (b)
is re-scaled to the Thomas-Fermi radius of the expandediexpetal images, and superimposed as solid lines on theiexgetal data; no
further adjustments are made for this comparison. (d) &midl the sequence of (b), but for a faster translation velacith which a doubly
charged vortex dipole is formed. Images are spaced in tinf2byms as the vortices orbit more quickly. (€) An experimientage in which
a doubly charged vortex is formed; see text for further exati@an. (f,g) Similar to (d,e) but for a triply charged dipand 100 ms between
images in (f).

the nucleation omultiply-chargedsortex dipoles both experi- each other after the encounter. In Higj. 4 we show measure-
mentally and numerically, as shown in Higj. 3(d-g). Viewed onments of the average number of vortices observed with vari-
a coarse scale the ensuing dynamics are consistent witbfthatous hold times after nucleating a vortex dipole, from whieg w
a dipole comprised of a highly charged vortex and antivortexconclude that singly and doubly quantized vortex dipoleg ma
On a fine scale, particularly in numerical data, we see loosexhibit lifetimes of many seconds, much longer than a single
aggregations of singly quantized vortices with the sammueir  orbital period. With such a strong trap asymmetry, the vorte
lation at the two loci of vorticity in the dipolar flow. Inthexe  lines are relatively impervious to bendi@[33] and tiIt[@],
perimental images obtained at higher sweep speeds, many iand annihilation is suppressed because vortex crossirgys an
dividual vortices are often not clearly resolvable for theis  reconnections are inhibited.
hold times shown. Nevertheless, the data resemble charac-Although vortex shedding is the microscopic mechanism
teristics of highly charged dipoles and suggest the formnati for the breakdown of superfluid flow and the onset of a drag
of many vortices because (i) the apparent vortex core sizes bforce, the nucleation of a vortex dipole does not imply im-
come larger, (ii) the orbital time period for the dipole stiture  mediate superfluitheatingsince dipoles are coherent struc-
is shorter, as expected for higher numbers of cores and fasttures that are metastable and do not immediately decay into
superfluid flow, and (iii) multiple individual vortex coresea  phonons. We estimate the maximum energy of a vortex dipole
observable for longer hold times. Although we have not perin the BEC iskg x 0.45 nK/atom for our systerﬂIi9], so that
formed an exhaustive analysis of these states, we pres=metth at T = 52 nK the temperature would increase by less than
results to bring attention to these interesting metaswlper- 0.5% upon self-annihilation of a single dipole. This temper
fluid vortex structures. ature change would be veryflicult to measure, and micro-
While it is often assumed that in a finite-temperature envi-scopic observations of vortex dipole formation and dynamic
ronment, vortices of opposite circulation will attract aamak  are therefore complementary to heating and drag force obser
nihilate each other at close distances, this is not nedbssar vations.
the case: vortices may approach each other so closely thatIn conclusion, we have demonstrated controlled, coher-
they appear to coalesce — see for example the sixth imagent nucleation of single vortex dipoles in oblate BECs. The
of Fig.[3(a) witht, = 1 s — and yet still move away from dipole dynamics reveal the topological charges of the vesti
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FIG. 4. Number of vortices remaining after dipole nucleatas a
function of hold timet;,, averaged over 17 realizations per data point.
The circles show conditions for which a singly charged déslcre-
ated, while the squares show data from a faster sweep where fo
cores (a doubly charged dipole) preferably occur. The dracs rep-
resent statistical uncertainty (as in HAig. 2) rather thamtog un-
certainty; however, for the doubly charged dipole casectienddi-
tional uncertainty in counting vortex cores because we damays
resolve 4 well-defined cores at the earlier hold times. Thexo
cores can clearly persist for times much longer than thelelipo
bital period of~1.2 s for a singly quantized dipole, ard0.8 s for

a doubly quantized dipole. The inset figures show experiahémt-
ages of singly quantized vortices seen after 4 seconds dftimoé in

the harmonic trap.

(1984).

[3] Y. Couder and C. Basdevant, J. Fluid Medf3, 225 (1986).

[4] Quantized Vortex Dynamics and Superfluid Turbuleeckted
by C. F. Barenghi, R. J. Donnelly, and W. F. Vinen (Springer-
Verlag, Berlin, 2001).

[5] M. Kobayashi and M. Tsubota, Phys. Rev. L, 065302
(2005).

[6] T. Horng, C. Hsueh, and S. Gou, Phys. Rev.7A 063625
(2008).

[7] Z. Hadzibabicet al, Nature7097, 1118 (2006).

[8] W. H. Zurek, Nature317, 505 (1985).

[9] J. Anglin and W. Zurek, Phys. Rev. Le&3, 1707 (1999).

[10] B. V. Svistunov, J. Mosc. Phys. Sa.373 (1991).

[11] C. N. Weileret al,, INature455, 948 (2008).

[12] A. L. Fetter and A. A. Svidzinsky, J. Phys. B, R135 (2001).

[13] P. G. Kevrekidis, R. Carretero-Gonzales, D. J. Fresiakis,
and I. G. Kevrekidis, Mod. Phys. Lett. B3, 1481 (2004).

[14] Emergent Nonlinear Phenomena in Bose-Einstein Conden-
sates edited by P. G. Kevrekidis, D. J. Frantzeskakis, and
R. Carretero-Gonzalez (Springer-Verlag, Berlin Heiéedp
2008).

[15] T. Frisch, Y. Pomeau, and S. Rica, Phys. Rev. L&9t.1644
(1992).

[16] T. Winiecki, J. F. McCann, and C. S. Adams, Phys. Revt.Let
82, 5186 (1999).

[17] B. Jackson, J. F. McCann, and C. S. Adams, Phys. Rev. Lett
80, 3903 (1998).

[18] T. Winiecki, B. Jackson, J. F. McCann, and C. S. Adams, J.
Phys. B33, 4069 (2000).

[19] C. Ramaret al, Phys. Rev. Lett83, 2502 (1999).

[20] R. Onofrioet al,, Phys. Rev. Leti85, 2228 (2000).

and show that the dipole is a long-lived excitation of super{21] S. Inouyeet al, [Phys. Rev. Leti87, 080402 (2001).

fluid flow. Suficiently rapid translation of the harmonic trap
causes vortices with identical charge to aggregate intblyig
charged dipolar vortex structures that exhibit orbital @ymcs
and long lifetimes analogous to singly charged vortex dipol

This suggests that both dipole structures and macro-vortex

states are readily accessible in highly oblate afidctively
two-dimensional superfluids.

[22] B. Jackson, J. F. McCann, and C. S. Adams, Phys. Réi,A
013604 (1999).

[23] M. Crescimanno, C. Koay, R. Peterson, and R. Walsworth,
Phys. Rev. 462, 063612 (2000).

[24] D. Scherer, C. Weiler, T. Neely, and B. Anderson, Physv.R

Lett. 98, 110402 (2007).

[25] For a detailed description of the numerical methodstseec-
companying EPAPS document XXX-XXX-XXX.

We thank David Roberts for many helpful discussions. Thd26] The finalimage shown was taken as part offéedent sequence,

authors acknowledge funding from the US National Scienc

Foundation grant number PHY-0855467, the US Army Rejlzﬂ

but is included here to more fully illustrate the dipole dgnes.
P. B. Blakieet al., /Adv. in Phys 57, 363 (2008)
[28] L. C. Crasovaret al,, [Phys. Rev. /68, 063609 (2003).

search @@ce, the New Zealand Foundation for Research{zg] M. Mottonen. S. Virtanen. T. Isoshima. and M. Salomaa

Science, and Technology contract UOOX0801, and the Aus-

tralian Research Council Centre of Excellence program.

[1] S. I. Voropayev and Y. D. AfanasyeV¥ortex Structures in a
Stratified Fluid(Chapman and Hall, London, 1994).
[2] A. Ginzburg and K. Fedorov, Dokl. Akad. Nauk SS3R4, 481

Phys. Rev. /71, 033626 (2005).

[30] W. Li, M. Haque, and S. Komineas, Phys. ReV7A 053610
(2008).

[31] B. P. Andersoret al, |[Phys. Rev. Lett86, 2926 (2001).

[32] B. P. Anderson, P. C. Haljan, C. Wieman, and E. CorndiysP
Rev. Lett.85, 2857 (2000).

[33] V. Bretinet al,, Phys. Rev. Lett90, 100403 (2003).

[34] P. Haljan, B. Anderson, I. Coddington, and E. Corneliy®

Rev. Lett.86, 2922 (2001).


http://dx.doi.org/10.1038/nature07334
http://dx.doi.org/10.1103/PhysRevLett.87.080402
http://dx.doi.org/10.1080/00018730802564254
http://dx.doi.org/10.1103/PhysRevA.68.063609
http://dx.doi.org/10.1103/PhysRevA.71.033626
http://dx.doi.org/10.1103/PhysRevA.77.053610
http://dx.doi.org/10.1103/PhysRevLett.86.2926

arXiv:0912.3773v1 [cond-mat.quant-gas] 18 Dec 2009

AUXILIARY MATERIAL FOR: Observation of vortex dipolesin an oblate Bose-Einstein
condensate

T. W. Neely} E. C. Samson,A. S. Bradley? M. J. Davis® and B. P. Andersdrn’*

1College of Optical Sciences, University of Arizona, Tu¢sdh 85721, USA
2Jack Dodd Centre for Quantum Technology, Department of iBsiys
University of Otago, P. O. Box 56, Dunedin, New Zealand
3The University of Queensland, School of Mathematics andiBéy
ARC Centre of Excellence for Quantum-Atom Optics, Qld 4@itralia
“Department of Physics, University of Arizona, Tucson, AZ285 USA
(Dated: November 1, 2018)

Here we provide auxiliary details regarding our experiraemtethods and theoretical techniques for studying
and modeling vortex dipoles in Bose-Einstein condensatesgported in the main paper [T. W. Neelyal].

Experimental methodsin previous work |I|1D2] we de- of the main paper. After a variable hold timyg we enhance
scribed our methods to credt@®Rb BECs inther =1, me =  vortex visibility by expanding the BEC radially for 15 ms in
-1 state in a time-averaged orbiting potential (TOP) trapthe presence of the laser sheet with the TOP tfggallowed
which was combined with optical dipole potentials from aby free expansion for an additional 41 ms. An example axial
blue-detuned laser. To study BECs in a highly oblate geabsorption image is shown in the left inset image of Fig. 2 of
ometry, we further compress the trap in the vertiadldi-  the main paper.
mension by adding a horizontally propagating, 1-W, sheet of Simulations for T= 0: At zero temperature we simulate the
red-detuned laser light of wavelength 1090 nm. The regultin experiment using a 3D Gross-Pitaevskii equation (GPE). We
trap has radial and axial trapping frequencies®@f, {v;) =  find an initial state for the combined harmonic-plus-ohistac
21 x (8,90) Hz, with the radial frequency dominantly de- trap with 2x 10° atoms by integrating the GPE in imag-
termined by the TOP trap portion of the potential. Radio-inary time. The potential due to the obstacle laser beam
frequency evaporative cooling in this highly oblate harioon is Us(x,y,t) = Ug(t) exp{—2([x — o(t)]? + yz)/wg}, where
trap achieves condensation at a critical temperatuifg 6f90 Uo(0) = 93wy = kg x 35 nK ~ pg, andwg = 10 um.
nK, and produces a BEC & = 2+ 0.5x 1(° atoms at a fi- We assume thalls is constant over the axial position co-
nal temperature of ~ 52 nK. The BEC chemical potential ordinatez, andx andy are radial position coordinates with
in the harmonic trap igp ~ 8hw,, placing our BECs well (X, y,2) = (0,0, 0) corresponding to the harmonic trap center.
within the three-dimensional (3D) regime. Radial and axialWe model the vortex dipole nucleation procedure by translat
BEC images are shown in Fig. 1(a,b) of the main paper. ing the obstacle while leaving the harmonic trap center fixed

The repulsive gaussian obstacle used to nucleate vorteat (x,y,2) = (0,0,0). The obstacle laser beam moves along
dipolesis formed by a blue-detuned 660-nm laser beam propdhe x-axis from positionxp(0) = —20um to xo(ts) = 14um
gating along the axialf direction of the trap. This beam has a during timets and at a constant velocity = (34um)/ts. As
Gaussian & radius of 1Qum at the BEC, much smaller than in the experiment, the laser intensity, and thlgt), linearly
the 52um Thomas-Fermiradius of the BEC, and the height oframps to zero over timg. We then continue the simulations
the repulsive potential has an energy of approximatédygl  to observe th& = 0 dynamics of the condensate and any vor-
The beam is turned on prior to condensation, and is alignetices that were nucleated. We varyover the range 133 to
20+ 3 um to the left of the trap center as shown in Fig. 1(c) of 256um/s in steps of &m/s.
the main paper. After the BEC forms in this annular trap, the We emphasize that the simulations described above do not
harmonic potential is translated in the horizontdldirection  directly correspond to the experimental sequence, where th
at a constant velocity until the beam position ends uprh4o  harmonic trap is translated rather than the obstacle. While
the right of the trap center and the translation then stopsp T the appropriate timescale for strictly adiabatic dynanigcs
translation is accomplished by changing a magnetic bias fiel w;? = 20ms< t,, a shorter acceleration stage is experimen-
a process that we find to be more repeatable and stable théaly found to be suitable for the trap motion used, as men-
moving the beam with piezo-electric transducers. To itétia tioned above. Thus our simulations are equivalent to apglyi
trap translation, the position of the trap center is smgadlsl  an instantaneous Gallilean boost to the condensdte 8tso
celerated over5 ms before reaching a constant translationthat the condensate is stationary in the translating fraive.
velocity for the duration of the translation stage. Thisebri refer to this as the “adiabatic” regime of trap acceleration
acceleration stage ensures that residual “sloshing” dB&€ We have performed additional simulations to investigage th
due to excitation of center-of-mass oscillations is mizied;  “impulse” regime where the harmonic trap is instantly aecel
experimentally we find the amplitude of such oscillatory mo-erated to the sweep velocity. In this case we perform the sim-
tion to be less than gAm. Coincident with trap displacement, ulation in the frame co-moving with the trap — the trans-
the beam intensity is ramped to zero as shown in Fig. 1(d,eprmation to this frame results in an initial phase gradient
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across the BEC causing it to initially move with the obsta- Our procedure is as follows. We find an initial finite-
cle. This procedure excites a center-of-mass oscillatyglr, temperature state for the system by evolving the stochastic
ically of amplitude 10um or more near the critical velocity, Gross-Pitaevskii equatioE|[Ev,4] to thermal equilibrium &m
much larger than observed in the experiment. These numerirput chemical potential of kx 37 nK corresponding to a
cal observations thus suggest that the experiment is faeclo condensate number of®x 10° atoms, and a temperature of
to the “adiabatic” regime results presented in the main pape52 nK as measured in the experiment. Once we have gen-
We note that simulations in the impulse regime also show @&rated a number of initial states for a given temperature, we
significantly lower critical velocity £ 80 umy/s), and multi-  apply the same simulation procedure as described above for
ple vortex pairs are much more readily nucleated at lower trathe zero-temperature GPE. We perform our simulations in the
translation velocities. This appears to be due to relatiiiglh ~ harmonic oscillator basis, and implement a basisftiatial 30
velocities between the obstacle and the oscillatory matfon 7#w,. This is necessary in order to accurately account for the
the BEC center-of-mass (due to instantaneous trap aceelermodification of the condensate wave function by the obstacle
tion); factors other than the constant velocity of the tragstn  beam — in doing so we include a rather large range of ex-
therefore be considered. A complete model of the experimertited states that are not highly occupied in the classichl fie
would need to incorporate details of the trap acceleratiah t y, hence violating the usual validity condition for classica
were not obtained. However, given the excellent agreemerfield simulations. However, this is unavoidable, and we ex-
between the adiabatic regime of simulations and the full sepect that it will not have significanttkects on the nucleation
of experimental results, including the experimental obser of the vortex dipoles, although it mayfact their subsequent
tions showing minimal BEC sloshing after trap acceleration dynamics.
we conclude that our simulation methods are appropriate for
comparisons with the experimental data.

Simulations for T> 0: While the experiments are per-
formed at the lowest attainable temperatures, there Isastil ,
non-negligible thermal fraction present. For this reasen w 1] 'E' chgerflrbﬁjzwzeg(f;’ T. Neely, and B. Anderson, Phys.Re
haye per_formgd sim_ulations (_)f the vortex nucleat_iorj precesy,, C(_Etlt\i_ Weiler, T \(N Ne)ély, D. R. Scherer, A. S. Bradley, M. J
using c-field 5|mulat|or? technllqueB [3]. Broa.ldlly thisis an e Davis, and B. P. Anderson, Natu4g5, 948 (2008).
tension of the Gross-Pitaevskii equation to finite tempeest (3] p B, Blakie, A. S. Bradley, M. J. Davis, R. J. Ballagh, aBicW.
where the lowest energy modes of the system have a large Gardiner, Adv. in Phys57, 363 (2008).
thermal occupation and it is reasonable to treat them elassf4] C. W. Gardiner and M. J. Davis, J. Phys3B, 4731 (2003).
cally.



