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Introduction

Plasmas

@ reconnections of magnetic eld lines
[Zhike et al., Nat. Com. (2016)]

@ anomalous heating of solar corona
[Cirtain etal., Nature (2013)]

@ explosive events, solar and stellar ares
[Che et al., Nature (2011)]
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Nematic Liquid Crystals

1243055

[Chuang et al., Science(1991)]
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Polymers and DNA

[Marenduzzo et al., PNAS(2009)]
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Introduction

Optical beams
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[Dennis et al., Nature (2010)]



Introduction

Classical and Quantum Fluids

//\%%’ ¢ 'Zi?&) < |

[Hussain et al., Phys. Fluids (2011)] [Zuccher et al., Phys. Fluids (2012)]

@ trigger turbulent energy cascade

o redistribute helicity among scales
@ enhance ne-scale turbulent mixing




Introduction

Quantum Fluids

@ neutron stars
o “He
o 3He-B

@ BECs

[Baggaley et al., Phys. Rev. Lett, 109, 205304 (2012)]
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Bose-Einstein Condensation
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° ﬁng, 1 classicalgas Maxwell-Boltzmann p distribution

° ?n & 1 quantumgas
o Fermi-Dirac distribution FERMIONS
@ Bose distribution BOSONS

@ bosons, T CTe NO(T)p/EN[li (T/T)®?] ideal Bose Gas
@ macroscopic @ o(x,t) £ no(x,t)e™*t jja ojj2 £N



Introduction

Weakly interacting Bose-Einstein Condensates (BECs)
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Introduction

Classical vs Quantum uids

@ Classical Euler (inviscid) uids
@ .
Yo @A(VM)V AEirp
NO reconnections, EA0, H constant
@ Classical Navier-Stokes (viscous) uids
Yo @A(Vd:r)v Air pAiriy
@
reconnections driven by dissipation, ECO, H ?
@ Quantum BECs
mn %A(vd:r)v Air pi rpo

reconnections driven by quantum pressure, E/A0, H ?
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Classical Vortices

In classical viscous uids vorticity ! A r£ v isunconstrained
@ vortices any shape, size, orientation
@ vortex vorticity ux (circulation ) any strength
@ vortex coreis nite, arbitrary
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Quantized Vortices

rotation, temperature quench
one—dimensional structures
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Quantum Vortex Reconnections

Importance of Quantum Vortex Reconnections

o redistribute energy among scales

o redistribute helicity among scales
[Scheeler et al., PNAS(2014)]

@ enhance mixing

@ trigger a Kelvin Wave cascade
[Kivotides et al., Phys. Rev. Lett.(2001)]
@ transform incompressible kinetic
energy into acoustic energy
[Leadbeater et al., Phys. Rev. Lett.(2001)]
@ insuperuid “He turbulence
- Kolmogorov spectrum

[Baggaley et al.
Phys. Rev. Lett.(2012)]



Quantum Vortex Reconnections

Homogeneous super uid systems

@ con rmation the Feynman conjecture
[Koplik & Levine, Phys. Rev. Lett.(1993)]

@ universal route to reconnection
via formation pyramidal cusp

[de Waele & Aarts, Phys. Rev. Lett.(1994)]
[Tebbs etal., J. Low Temp. Phys, (2011)]

@ induced cascade of vortex rings

[Kerr, Phys Rev Let{2011)]
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[Kursa et al., Phys Rev B(2011)]



Quantum Vortex Reconnections

Homogeneous super uid systems

o scaling (t) » t®

0 consgrvation of helicity ( knottedness)

H £ vd dx
v

@ decay of knots via particular pathways




Quantum Vortex Reconnections

Homogeneous super uid systems

o scaling +(t) » t®

[de Waele & Aarts, Phys. Rev. Lett, 72, 482 (1994)]

[Nazarenko & West, J. Low. Temp. Phys, 132, 1 (2003)] —
[Bewley et al. PNAS, 105, 13707 (2008)]

[Tebbs etal., J. Low. Temp. Phys, 162, 314 (2011)]

[Zuccher et al., Fluids. Phys, 24, 125108 (2012)] 4
[Villois et al., Phys. Rev. Fluids 2, 044701 (2017)] b

@ conservation of helicity H (knottedness)

[Scheeler et al., PNAS 111, 15350 (2014)]
[Laing etal., Sci. Rep, 5, 9224 (2015)]
[Zuccher & Ricca Phys. Rev. £E92, 06101 (2015)]
[DiLeoni etal., Phys. Rev. A94, 043605 (2016)]
[Salman, Proc. R. Soc. A473, (2017)]

o decay of knots via particular pathways ¢

[Kleckner etal., Nat. Phys., 12, 650 (2016)] 7 \



Quantum Vortex Reconnections

Inhomogeneous BECs

@ boundaries, image vortices

d .
O ® @ semi-in nite BEC

)
o UYs—p—
¢ U 2m(d  2»)
@ [Mason etal., Phys. Rev. A74, 021701 (2006)]

@ non-homogeneous V(x,t), r ¥%drive vortex motion

‘Cle|le|n|na| ]
0 ms 50 ms| 100 ms 150 ms 200 ms 250 ms 300 ms

[Anderson et al., Phys. Rev. Lett.85, 2857 (2000)]



Quantum Vortex Reconnections

Trento Experiments
Trapped 3D BEC

@ cigar—shaped BEC of Na atoms

o Kibble-Zurek (quench)

generation of solitonic vortices
[Lamporesi et al., Nat. Phys. (2013)]

o real time imaging of ¢N/N"' 4%

[Donadello etal., Phys. Rev. Lett.(2014)]



Quantum Vortex Reconnections

\Vortex Interactions

Real Time Imaging

[Serani etal., Phys. Rev. Lett.(2015)]

1st direct evidence vortex interactions 3D BECs! )
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Gross—Pitaevskii Model, T A0
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[Rorai et al., J. Fluid Mech. (2016)]
[Villois etal., J. Phys. A(2016)]
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Vortex Dynamics

Initial vortex con gurations

*] _0 FEY42
@ equidistant from

radial plane x A0

Results



Results

Vortex Dynamics

Stage | : 2 single-vortex motions

e+t R

(4

elliptical

A Exol Ry A max! Ro
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isolines V(x)

vir Wyl A A?)
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@ outer vortices faster

8/ 1j A%y
3B 21 ,In(Ry /)
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[Lundh, Ao, PRA, 61 (2000)]
[Svidzinsky, Fetter, PRL, 84 (2000)]
[Sheehy, Radzihovsky, PRA,70 (2004)]
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Vortex Dynamics

Stage Il : Rotation on radial plane

@ £t» R,
@ anti-parallel con guration

@ slows down axial motion

11 1o i3
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Vortex Dynamics

Stage Il : Two Dynamics

reconnection bounce
X X
A

o» 1 L
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0 >z 0 z
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@ axial colliding motion @ balance determines regime

@ radial drift towards centre @ Aunigue parameter
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Vortex Interaction Regimes
RECONNECTION

o AA0.375 (AEO0.3)
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Vortex Interaction Regimes
BOUNCE

o A/Z0.22 (ACO0.25)
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Vortex Interactions Regimes
DOUBLE RECONNECTION

o A/025 (0.25- A. 0.3)
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Vortex Interactions Regimes

Numerics vs Experiments

@ vortices created via Kibble - Zurek Mechanism
@ vortex initial con guration not be predicted

o NEW experiments: axial position, radial vortex orientation

bounce reconnection
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Vortex Reconnections

@ 0.35- A- 05
o x(t) £At® scaling

@ emission of rarefaction pulse
for varying A
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+(t) /A t® scaling

@ Experiments [Paoletti el al., PNAS(2008)]

@ symmetric
o ®° /12

@ Analytics [Nazarenko & West, J. Low. Temp. Phys, 132, 1 (2003)]

o density n small @ symmetric
@ drop NL term o ®° /112
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+(t) /A t® scaling

@ GPE numerical simulations
@ homogeneous systems

o almost straight vortices
@ xed %(0)» 5»
o [A% @] A ()

@ [Zuccher etal., Phys Fluids 24, 125108 (2012)]
e ® 2(0.3,044) , ®2(0.63,0.73) , ®% Af(") asymmetric
@ emission rarefaction pulse
@ [Rorai etal., J. Fluid Mech. (2016)]
o ® ARMAEL2 for T AV symmetric
o ® ﬁE1/3,®AﬁE2/3 for — AY42 asymmetric
@ [Villois etal., Phys Rev Fluids2, 044701 (2017)]
o ® A2 8 symmetric AS A ()
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3D Trapped BEC: throwing vortices against each other

o different +(0) A&f (A)
o different v/®'(x £R,) &f (A)

@ reconnections at different n Af (A)
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Reconnections

o A/0.35
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Reconnections

e A/0.40
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Reconnections

e A/A0.50
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Reconnection scaling

o
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@ | unigue paramater

o *(t) Af( ,t)mnpﬁ

o Al EA (A) 6/EHOMOG ®

o oAy

R R

ICE—AZ
gn- - gno(lj A?)

01 / L L L
0.001 0.01 01 1 10



Results

Reconnection scaling

@ Inner core region =(t). 4»

@ j unique paramater W /.

o (U) A (1 ) AR, TT
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A |
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Results

Reconnection scaling

@ Outer region +(t) A 4» i
o dynamics: vX (r 4%

rel

o (t) AF (V,t) AEAL, Vt
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Results

Reconnection scaling

@ Outer region +(t) A 4» i
o dynamics: vX (r 4%

rel

o (t) AF (V,t) AEAL, Vt

o o AN I—Ol'b
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Reconnection Dynamics

post reconnection

faster than post

INHOMOGENEOUS
¢v % as A&
HOMOGENEOUS
¢v % as ?!0

density plays
fundamental role

emission rarerfaction pulse

preliminary results

Results
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Density pro les

o A/0.35
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Density pro les

o A/E0.4
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Density pro les

o A/FO5



Summary

© GPE numerical simulations of vortex dynamics in
inhomogeneous con ned super uids

@ observed three vortex interaction regimes

reconnections

bounce

double reconnections

ejections

[Serani, LG, etal., Phys Rev X7, 021031 (2017)]

@ experimental evidence in Trento

orientation of vortices

@ Inner core and Outer scalings

@ characterization of rarefaction pulse and

relate to non-symmetrical pre/post behaviour

Results



THANK YOU!



Results

Vortex Interaction Regimes
EJECTION
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Vortex Interaction Regimes
EJECTION

e A/0,0.7
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Vortex Interactions Regimes
ORBITING
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Vortex Interactions Regimes
ORBITING

e A/0.33,0.5



Results

Experiments

Density residuals
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Experiments
Outcoupling




Results

Experiments

Density residuals




Results

Vortex Interactions Regimes

Numerics vs Experiments

Ejection by reconnection Ejection by orbiting
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Vortex Interactions Regimes

Statistics
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Bose-Einstein Condensates (BECs)

M, Ts
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Gross-Pitaevskii Eq. |86/E.%r a Av(x,t)2 Agja j°2
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Bose-Einstein Condensates (BECs)

@ Gross-Pitaevskii model

@ Rz, o
iB— A j—r 2 AV(x,t)2 Agja j%a
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~ _ . R
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Quantum Fluids
LENGTHSCALES

¢C. »

BECs
GP model
vortices, sound waves

e 6 6 ¢

reconnections [Koplik & Levine (1993)]

¢A »

Helium Il
Vortex laments
incompressible Euler uid

e 6 6 ¢

ad hoc reconnections
[Baggaleyet al. (2012)]
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Classical vs Quantum uids

@ Classical Euler (inviscid) uids
Ys @A(Vd:r)v Eirp
@
NO reconnections, H constant
@ Classical Navier-Stokes (viscous) uids
Y @A(Vd:r)v AEir pAiriy
@
reconnections driven by dissipation, H ?
@ Quantum BECs
mn %A(vd:r)v Air pirpo

reconnections driven by quantum pressure, H ?
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Experiments
Outcoupling
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Numerics VS Experiments

o !, A2Yi131Hz o ! » A2VA31Hz

o !, A2YVA3Hz o ! , AE2YP6Hz

o 1 /F10¥ 27R! , o 1 /I10R! -

o T A200nK o T AOK
¢N ¢N

o — A0.04 (* A (1)) o — A0 (* Aconst)
No No
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Vortex Interactions Regimes

Unperturbed dynamics

1 1
[*] rO’y /EZ roly /Eg



Results

The “Trento” Experiment

@ Creation of topological defects via Kibble—Zurek mechanis m

@ solitonic vortices: non uniform phase pro le

o ! » AE2YA31Hz o ! o AE2YA31Hz

o ! , AE2YA3Hz o ! , A2Y26Hz

o 1 AF10¥ 271! > o 1 A5R! 5

o T A200nK o T AOK
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o — /0.04 ( A (1)) o — /A0 (* Aconst)
No No
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The “Trento” Experiment

@ One vortex dynamics

8Y(1j rd):
3R! 5 In(R>/»)!

@ Two vortex dynamics
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GPE simulations
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Results

GPE simulations

Parameters

@ second-order nite difference schemes

o 4" order Runhe-Kutta time integration
@ OpenMP parallelization

@ CxA»/3 AO.1

o $C3(¢x)?AL,25£1013

e R, /£3.16, R, /16

o NX ANY AN, A160, N, ANpA480
@ Ny A2¥5£ 10% T » 0.5d

@ 300 MB / dumped wavefunction



Density pro les

n(z)

3n(0)

In(z0)

13
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2mgn(z)

Results
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A Relaxation - Imaginary time advancement

o Ag: Thomas — Fermi pro le

1\ 2 2 2
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Results

Vortex identi cation

Pseudo-—vorticity eld

b
o VD AR
o dA, AdA; A0 @ Y{r)! 0aswe move tothe
N . boundaries
@ rA/thAErA;th A0

@ vast region with *4r)! 0

/e r ér Er éi when reconnections
ir ArEr Ajj
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Vortex identi cation

©

i on each mesh element

@ node with the lowest density
Yamin

@ multiple reconstruction of
same vortices

o potentially 12 equivalent
reconstructions

@ improved with sub grid
resolution
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