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The Search for 1D Superfluidity

M OTIVATION

What about superfluidity in 1D?

@ Landau’s criterion for superfluidity
[E. M. Lifshitz and L. P. Pitaevskii, Statistical Physicsj#2 Pergamon Press, Oxford]

v<e/p sound modes at low energy linear, i.e., € =cp
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The Search for 1D Superfluidity

M OTIVATION

What about superfluidity in 1D?

@ Landau’s criterion for superfluidity
[E. M. Lifshitz and L. P. Pitaevskii, Statistical Physicsj#2 Pergamon Press, Oxford]

v<e/p sound modes at low energy linear, i.e., € =cp

@ The drag force (from Bethe-Ansatz) for ¢
[G. E. Astrakharchik and L. P. Pitaevskii, Phys. Rev7&013608 (2004)]

Faag O V<71 K : Luttinger parameter
(Tonks-Girardeau gas: K=1)
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M OTIVATION

What about superfluidity in 1D?

@ Landau’s criterion for superfluidity
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v<e/p sound modes at low energy linear, i.e., € =cp

@ The drag force (from Bethe-Ansatz) for ¢
[G. E. Astrakharchik and L. P. Pitaevskii, Phys. Rev7&013608 (2004)]

Faag O V<71 K : Luttinger parameter
(Tonks-Girardeau gas: K=1)
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@ Angular momentum enters in < =GN | Y
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The Search for 1D Superfluidity

MOTIVATION I

@ Persistant currents in a toroidal 3D

BEC
@ Decay of superflow due to a weak
link in the BEC
700 800 900 1000 1100 1200
o/h (Hz)

[A. Ramanathan et al, Phys. Rev. Let06130401 (2011)]
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The Search for 1D Superfluidity

MOTIVATION I
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[A. Ramanathan et al, Phys. Rev. Let06130401 (2011)]
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[T. Kinoshita, T. Wenger, and D. S. Weiss, Scie86&5687 (2004)]
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The Exact Solution

THE SYSTEM

We want to study a system that allows to adress superfluidityn 1D!
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The Exact Solution

THE SYSTEM

We want to study a system that allows to adress superfluidityn 1D!

@ System ofN identical bosons of masa

o confined to a 1D ring geometry
of circumference.

o stirred by an external
time-dependent potential
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The Exact Solution

THE SYSTEM

We want to study a system that allows to adress superfluidityn 1D!

@ System ofN identical bosons of masa

o confined to a 1D ring geometry
of circumference.
o stirred by an external
v time-dependent potential

~—

@ The Hamiltonian
H =Hi 4 Vex(t)
N ﬁZ 02

Ho=3% - ma 2+gzl (x—x) and  Veq(t) =Ug 8(x —wt)
=] %
————
Eiin Vint
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The Exact Solution

THE LIEB-LINIGER MODEL

@ The Lieb-Liniger Hamiltonian
N ﬁZ 02

Hi=5 —5—--5+9> d(x—x)
l; 2m gx? ]Z, 5
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The Exact Solution

THE LIEB-LINIGER MODEL

@ The Lieb-Liniger Hamiltonian
N ﬁZ 02

Hi=5 —5—--5+9> d(x—x)
l; 2m gx? ]Z, 5

@ Bethe-Ansatz— exactly solvable for arbitrary interaction strengtk= gm/ R%n
[E. H. Lieb and W. Liniger, Phys. Rev 130, 1605 (1963), E. Felt,iPhys. Rev 130, 1616 (1963) ]
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The Exact Solution

THE LIEB-LINIGER MODEL

@ The Lieb-Liniger Hamiltonian

N 202

Hi=5 —5—--5+9> d(x—x)
l; 2m gx? ]Z, 5

@ Bethe-Ansatz— exactly solvable for arbitrary interaction strengtk= gm/ R%n
[E. H. Lieb and W. Liniger, Phys. Rev 130, 1605 (1963), E. Felt,iPhys. Rev 130, 1616 (1963) ]
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The Exact Solution

THE EXTERNAL POTENTIAL

@ The time-dependent external Potential
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The Exact Solution

THE EXTERNAL POTENTIAL

@ The time-dependent external Potential
N
Ved(t) =Uo 3 8(x —w)
=1

@ breaks translational invarianee—~ Hamiltoniannot solvablewith the Bethe Ansatz!
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The Exact Solution

THE EXTERNAL POTENTIAL

@ The time-dependent external Potential
N
Ved(t) =Uo 3 8(x —w)
=1

@ breaks translational invarianee—~ Hamiltoniannot solvablewith the Bethe Ansatz!
@ Islands of exact solvability

=0 ideal bosons
o (=K =1) Tonks-Girardeau gas of impenetrable (hardcore) bosons
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The Exact Solution

THE EXTERNAL POTENTIAL

@ The time-dependent external Potential
N
Ved(t) =Uo 3 8(x —w)
=1

@ breaks translational invarianee—~ Hamiltoniannot solvablewith the Bethe Ansatz!
@ Islands of exact solvability

=0 ideal bosons
o (=K =1) Tonks-Girardeau gas of impenetrable (hardcore) bosons

@ Initial condition: barrier at rest dt=0
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The Exact Solution

THE EXTERNAL POTENTIAL

]

The time-dependent external Potential

N
Vea() =Uo 3 80— W)
=1

(2

breaks translational invarianee— Hamiltoniannot solvablewith the Bethe Ansatz!

(2

Islands of exact solvability

=0 ideal bosons
o (=K =1) Tonks-Girardeau gas of impenetrable (hardcore) bosons

®

Initial condition: barrier at rest dt=0

®

PBCs for the many-body wavefunctionat i%
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The Exact Solution

THE MANY-BODY WAVEFUNCTION

@ Wavefunction forideal bosonsis a product of “lowest” single particle wavefunction
Y (xe,t) (factorizable)

Wig (N, 1) = [ ¢ (%, 1)

4
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The Exact Solution

THE MANY-BODY WAVEFUNCTION

@ Wavefunction forideal bosonsis a product of “lowest” single particle wavefunction
Y (xe,t) (factorizable)

Wig (N, 1) = [ ¢ (%, 1)

4

@ Wavefunction foimpenetrable bosongstrongly correlated particles)
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The Exact Solution

THE MANY-BODY WAVEFUNCTION

@ Wavefunction forideal bosonsis a product of “lowest” single particle wavefunction
Y (xe,t) (factorizable)

Wig (N, 1) = [ ¢ (%, 1)

‘
@ Wavefunction foimpenetrable bosongstrongly correlated particles)
IDEA: The cusp-conditions for the particle interaction

0J a a J
— ¥ === W
<0xj M) ‘Xi:XT (ax,- 0xu>

equivalent to the Pauli-exclusion principle of non-intginag Fermions fog = o
[M. D. Girardeau, J. Math. Phys. 1, 516 (1960)]

=29y
X=X R X=X
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The Exact Solution

THE MANY-BODY WAVEFUNCTION

@ Wavefunction forideal bosonsis a product of “lowest” single particle wavefunction
Y (xe,t) (factorizable)

Wig (N, 1) = [ ¢ (%, 1)

‘
@ Wavefunction foimpenetrable bosongstrongly correlated particles)
IDEA: The cusp-conditions for the particle interaction

0J a a J
— ¥ === W
<0xj M) ‘Xi:XT (ax,- 0xu>

equivalent to the Pauli-exclusion principle of non-intginag Fermions fog = o
[M. D. Girardeau, J. Math. Phys. 1, 516 (1960)]

=29y
X=X R X=X

Interactions = Pauli-principle
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The Exact Solution

THE MANY-BODY WAVEFUNCTION I

@ Wavefunction foiimpenetrable bosonsobtained from time-dependent Fermi Bose
mapping theorem
[M. D. Girardeau and E. M. Wright, Phys. Rev. Lett. 84 5691 (2000

Wrg (X1 XN, ) = A(X1, .o, XN, ) WE (XL, -, XN T)
A(Xq,...,Xn,t) = Mapping Function
with
WE (X1, . X, 1) = i defyn (e, 1)
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The Exact Solution

THE MANY-BODY WAVEFUNCTION I

@ Wavefunction foiimpenetrable bosonsobtained from time-dependent Fermi Bose
mapping theorem

[M. D. Girardeau and E. M. Wright, Phys. Rev. Lett. 84 5691 (2000
Wrg (X1 XN, ) = A(X1, .o, XN, ) WE (XL, -, XN T)
A(Xq,...,Xn,t) = Mapping Function
with
WE (X1, . X, 1) = i defyn (e, 1)

@ The mapping function must restore the bosonic symmetry undécleagxchange
AXg, XN, 1) =[] sgrix — %]

1>]
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THE MANY-BODY WAVEFUNCTION I

@ Wavefunction foiimpenetrable bosonsobtained from time-dependent Fermi Bose
mapping theorem

[M. D. Girardeau and E. M. Wright, Phys. Rev. Lett. 84 5691 (2000
Wrg (X1 XN, ) = A(X1, .o, XN, ) WE (XL, -, XN T)
A(Xq,...,Xn,t) = Mapping Function
with
WE (X1, . X, 1) = i defyn (e, 1)

@ The mapping function must restore the bosonic symmetry undécleagxchange
AXg, XN, 1) =[] sgrix — %]
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The Exact Solution

THE ROTATING FRAME

@ Move to the rotating frame via two unitary transformationsu@gtransformations)

U = enrbpvt translation by wt

U, = erd% momentum shift by q=mv/R
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The Exact Solution

THE ROTATING FRAME

@ Move to the rotating frame via two unitary transformationsu@gtransformations)

U = enrbpvt translation by wt

U, = erdx momentum shift by q=mv/h
@ A stationary Schidinger equation is obtained

R? 92
- 2max2

E §i(x) = +Uo 8(x) | §j(x)
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The Exact Solution

THE ROTATING FRAME

@ Move to the rotating frame via two unitary transformationsu@gtransformations)

U = enrbpvt translation by wt

U, = erdx momentum shift by q=mv/h
@ A stationary Schidinger equation is obtained

2 2
E (0 = (;nsz +Up 6<x>) 5

BUT! there is a price to pay
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The Exact Solution

THE ROTATING FRAME

@ Move to the rotating frame via two unitary transformationsu@gtransformations)

U = enrbpvt translation by wt

U, = erdx momentum shift by q=mv/h
@ A stationary Schidinger equation is obtained
~ R? 92
B §(x) = <2maxg +Uo 50‘)) 6 (x)

BUT! there is a price to pay
PBCs = TBCs (twisted boundary conditions)

WXt = P(x +L.t) (%) =% §(x+L)
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The Exact Solution

THE ROTATING FRAME

@ Move to the rotating frame via two unitary transformationsu@gtransformations)

U = enrbpvt translation by wt

U, = erd% momentum shift by q=mv/R

@ A stationary Schidinger equation is obtained

~ R? 92
B §;(x) = *%WJFUO 5(x) | §;(x)
BUT! there is a price to pay
PBCs = TBCs (twisted boundary conditions)

WXt = P(x +L.t) (%) =% §(x+L)

@ The time-dependent single-particle wavefunction

W) é% e m Y g e E §x—w)
]
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The Exact Solution

THE WAVEVECTOR L ANDSCAPE

@ Single particle wavevectors vs  stirring momentumd = =)
(kL
=) —SinL) with A = 10

cog(gL) —cogkL) h2
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The Exact Solution

THE WAVEVECTOR L ANDSCAPE

@ Single particle wavevectors vs  stirring momentumd = =)
(kL
=) —SinL) with A = 10

cog(gL) —cogkL) h2

10




The Exact Solution

THE BANDSTRUCTURE

@ The energy bands of the TG-Gas:

N
ESS= _ZiEj where E=—->
J:
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The Exact Solution

THE BANDSTRUCTURE

@ The energy bands of the TG-Gas:

N
ESS= _ZiEj where E=—->
J:

38

~ N ——— Ground State .
—] E 36 —  stExe |7
Cgl 5 34 ——  2nd Exc.
< Z
3]
o 32
m
28

qL/n
@ The parabolas represent states of different angular momentum
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The Exact Solution

THE REDUCED SINGLE PARTICLE DENSITY MATRIX

@ The Single-particle density matrix (SPDM)
pa(t) = [P1a(t){(Wra(t)|
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The Exact Solution

THE REDUCED SINGLE PARTICLE DENSITY MATRIX

@ The Single-particle density matrix (SPDM)
pa(t) = [P1a(t){(Wra(t)|

@ The reduced single-particle density matrix (RSPDM)

pe(X,Y,t) =N /dxz....de\P-*rG(x,x2...xN.,t)LIJTg(y,xz.i.xN,t)
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The Exact Solution

THE REDUCED SINGLE PARTICLE DENSITY MATRIX

@ The Single-particle density matrix (SPDM)
pa(t) = [P1a(t){(Wra(t)|

@ The reduced single-particle density matrix (RSPDM)

pe(X,Y,t) =N /dxz....de\P-*rG(x,x2...xN.,t)LIJTg(y,xz.i.xN,t)

in terms of single particle wavefunctions
[R. Pezer and H. Buljan, Phys. Rev. Lett. 98 240403 (2007)]

N

Pe(%Y,t) = % W (XA XY, Dy, 1)
i)j=1

A(Xy,t) = (P’l(x,y,t))Tdet(P(x,y,t))

4 ! * ! !/
Py 0yet) =8 —2 o g (w0
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Superfluid Properties of the Tonks-Girardeau Gas

THE INTEGRATED PARTICLE CURRENT

@ The adiabatic current lad = Ng— 52
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Superfluid Properties of the Tonks-Girardeau Gas

THE INTEGRATED PARTICLE CURRENT

@ The adiabatic current lad = Ng— %‘;
@ The nonadiabatic current (1) =21 [ [{Wra )] j(x)|WPra(t))

with — j(x) =+ 5, (8(x— )0 + BeS(X— X))
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Superfluid Properties of the Tonks-Girardeau Gas

THE INTEGRATED PARTICLE CURRENT

@ The adiabatic current lad = Ng— %‘;
@ The nonadiabatic current (1) =21 [ [{Wra )] j(x)|WPra(t))

with — j(x) =+ 5, (8(x— )0 + BeS(X— X))

——  TGgas

adiabat. stirring |

ml2
niNh
—_ N w EAN (V)]

o

qL/n

Laboratoire de Physique et Melisation des Milieux Condes Grenoble




Superfluid Properties of the Tonks-Girardeau Gas

THE CURRENT-CURRENT FLUCTUATIONS

@ The current-current correlation function
Ca(xy,1) = (Wra (DX (y)|P1a(t))

Christoph Schenke, Anna Minguzzi and Frank Hekking Laboratoire de Physique et Melisation des Milieux Condes Grenoble

Exact solution for the stirring of a o i Bose gas on aring trap



Superfluid Properties of the Tonks-Girardeau Gas

THE CURRENT-CURRENT FLUCTUATIONS

@ The current-current correlation function
Ca(xy,1) = (Wra (DX (y)|P1a(t))

@ The current-current fluctuations Al = /(12) — (1 )2
/2 rL/2
with 12 / / dxdy Co(x,y, 1)
T/2
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Superfluid Properties of the Tonks-Girardeau Gas

THE CURRENT-CURRENT FLUCTUATIONS

@ The current-current correlation function
Ca(xy,1) = (Wra (DX (y)|P1a(t))

@ The current-current fluctuations Al = /(12) — (1 )2

/2 L2
(1% / / dxdy Ca(x,y, 1)

with
T/2

N . ——_———
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Superfluid Properties of the Tonks-Girardeau Gas

THE DRAG FORCE

@ The classical force on the particles (Ehrenfest theorem)

Fae = 50 ) = B =~ V) = 01 (0] 3 Vex(x0)) lhx0)

L/2
— / L BXP(X )3 Vea(x.1) = Uodkp(x%.1)|

-L/. x=0
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Superfluid Properties of the Tonks-Girardeau Gas

THE DRAG FORCE

@ The classical force on the particles (Ehrenfest theorem)

Fae = 50 ) = B =~ V) = 01 (0] 3 Vex(x0)) lhx0)

L/2
— / L BXP(X )3 Vea(x.1) = Uodkp(x%.1)|

-L/. x=0

@ The drag force on the barrier is the counter force Fprag = —Flass
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Superfluid Properties of the Tonks-Girardeau Gas

THE DRAG FORCE

@ The classical force on the particles (Ehrenfest theorem)

Fae = 50 ) = B =~ V) = 01 (0] 3 Vex(x0)) lhx0)

L/2
- / L, BPOOXDIVex (1) = Uodip(x. x)

— x=0

@ The drag force on the barrier is the counter force Fprag = —Flass

1.0 T T

o
o

°

L
°©
o

I:Drag/ UO p%

|
[
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Superfluid Properties of the Tonks-Girardeau Gas

THE DRAG FORCE

@ The classical force on the particles (Ehrenfest theorem)

Fae = 50 ) = B =~ V) = 01 (0] 3 Vex(x0)) lhx0)

L/2
— / dx p(x X, 1) dVex (1) = Updrp (% X,1)
L/2 x=0

@ The drag force on the barrier is the counter force Fprag = —Flass

1.0

i

o

o
o
@

|
L

I:Drag/ UO p%
2
I:Drag/ UO Po

4T
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Superfluid Properties of the Tonks-Girardeau Gas

THE DRAG FORCE

@ The classical force on the particles (Ehrenfest theorem)

(50) = IF.B) = (V) = (01 () (3 Vex(x0) ) W x0)

Fdlass

L/2
— / dx p(x X, 1) dVex (1) = Updrp (% X,1)
L/2 =0

@ The drag force on the barrier is the counter force Fprag = —Flass

1.0

| /N

o

o
o
@

|
L

I:Drag/ UO p%
2
I:Drag/ UO Po

|
[
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Superfluid Properties of the Tonks-Girardeau Gas

THE TIME -DEPENDENCE

@ Currentvstime afj = 47

8T 2 ]

6 L : 4

ml?
niNh
N

t/T
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Superfluid Properties of the Tonks-Girardeau Gas

THE TIME -DEPENDENCE

@ Currentvstime afj = 47

8T 2 ]

6 L : 4

ml?
niNh
N

0 2 4 6 8 10
t/T

@ The time-scale of the oscillation is given byTl&vhereT = L?m/ (Arm)
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Superfluid Properties of the Tonks-Girardeau Gas

THE TIME -DEPENDENCE

@ Currentvstime afj = 47

8T 2 ]

0 2 4 6 8 10
t/T

@ The time-scale of the oscillation is given byTl&vhereT = L?m/ (Arm)

= oscillation frequency~ highest occupied avoided level crossing

Christoph Schenke, Anna Minguzzi and Frank Hekki Laboratoire de Physique et Melisation des Milieux Condes Grenoble

Exact solution for the stirring of a one-dimensional inteitag Bose gas on a ring trap



Superfluid Properties of the Tonks-Girardeau Gas

THE MOMENTUM DISTRIBUTION

@ Momentum Dist.: ne(k,q,t) = [ dx/ dy €X* Y pg(x,y,q,t)
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Superfluid Properties of the Tonks-Girardeau Gas

THE MOMENTUM DISTRIBUTION

@ Momentum Dist.: ne(k,q,t) = [ dx/ dy €X* Y pg(x,y,q,t)
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Superfluid Properties of the Tonks-Girardeau Gas

THE MOMENTUM DISTRIBUTION

@ Momentum Dist.: ne(k,q,t) = [ dx/ dy €X* Y pg(x,y,q,t)
2.0 ,
0.6

. vl t=2.5T
— 04
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0.1
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Superfluid Properties of the Tonks-Girardeau Gas

THE MOMENTUM DISTRIBUTION

@ Momentum Dist.: ne(k,q,t) = [ dx/ dy €X* Y pg(x,y,q,t)
2.0 ,
0.6
. vl t=2.5T
— 04
5m10 & 0.3
< s 0.2
0.1
0.0 ] 0.0
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Superfluid Properties of the Tonks-Girardeau Gas

THE MOMENTUM DISTRIBUTION

@ Momentum Dist.:

ne(k,q.t) = [ dx [ dy €<*Y pg(xy,q,t)

20 0.6
. sl t=2.5T
— 0.4
im 1.0 T 03
S o5 0.2
0.1
0.0 0.0
-15 <10 -5
2.0 0.6
15 1| t=5T 0.5
) — 0.4
~ 1.0 T 03
S 05 0.2
0.1
0.0 0.0
-15-10 5 0 5 10 15 15 <10 -5 0 5 10 15 20
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Superpositions and Entanglement

THE STATE

What kind of state are we dealing with?
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Superpositions and Entanglement

SUPERPOSITIONS OF PARTICLE STATES

What about Superpositions and Entanglement?
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Superpositions and Entanglement

SUPERPOSITIONS OF PARTICLE STATES

What about Superpositions and Entanglement?

@ Experimentally realized with
Photons in a cavity
[S. Delegise et al, Natu55510 (2008)]
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Superpositions and Entanglement

SUPERPOSITIONS OF PARTICLE STATES

What about Superpositions and Entanglement?

. . . b
@ Experimentally realized with \‘\
Photons in a cavity s = P
[S. Delegise et al, Natu55510 (2008)] =1 .‘ e
@ negative Wigner function e \u :
= state is non-classical Pl . :

Entanglement
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Superpositions and Entanglement

SUPERPOSITIONS OF PARTICLE STATES

What about Superpositions and Entanglement?

. . . b
@ Experimentally realized with \‘\
Photons in a cavity s ot .
[S. Delegise et al, Natu55510 (2008)] =1 .‘ el
@ negative Wigner function S \u
— state is non-classical Pl :
Entanglement .
. . -0.24 F :
@ But! No experiment with "
cold atoms so far 04 ‘;_,4'_-
0 o 2
P
Refa) 4 2
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Superpositions and Entanglement

SUPERPOSITIONS OF PARTICLE STATES

What about Superpositions and Entanglement?

. . . b
@ Experimentally realized with \‘\
Photons in a cavity s ot .
[S. Delegise et al, Natu55510 (2008)] =1 .‘ el
@ negative Wigner function S \u
— state is non-classical Pl :
Entanglement .
. . -0.24 F :
@ But! No experiment with "
cold atoms so far 04 ‘;_,4'_-
0 o 2
P
Refa) 4 2

@ Theoretical predictions for ultracold atomic gases
— in Bose Josephson Junctions (superposition of coherdatsyta
[G. Ferrini, A. Minguzzi, F.W. Hekking, PRA 78, 023606 (200BRA 80, 043628 (2009)]
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SUPERPOSITIONS OF BOSONS ON A RING

Have been analyzed for weak/intermediate interaction stregth
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SUPERPOSITIONS OF BOSONS ON A RING

Have been analyzed for weak/intermediate interaction stregth
@ Superposition of current states 2
—for adiabatic stirring the states E
5]
|L)and|L+1)
Barrier Momentum
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SUPERPOSITIONS OF BOSONS ON A RING

Have been analyzed for weak/intermediate interaction stregth

@ Superposition of current states
—for adiabatic stirring the states

Energy

L) and| £ + 1)

Barrier Momentum

@ weak interactions: realization of a "NOON |N, 0) + |0, N) state
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Superpositions and Entanglement

SUPERPOSITIONS OF BOSONS ON A RING

Have been analyzed for weak/intermediate interaction stregth

@ Superposition of current states
—for adiabatic stirring the states

Energy

L) and| £ + 1)

Barrier Momentum

@ weak interactions: realization of a "NOON |N, 0) + |0, N) state

@ velocity quench in superlattices leads to
Rabi-like oscillations
= superposition of the states= 0 and

q=2do
INOON) T [(b)N + (b, )V |vac)

[A. Nunnenkamp, A.M. Rey, K. Burnett, PRA 77, 023622 (2008)]
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Superpositions and Entanglement

SUPERPOSITIONS OF BOSONS ON A RING

Have been analyzed for weak/intermediate interaction stregth

@ Superposition of current states
—for adiabatic stirring the states

Energy

L) and| £ + 1)

Barrier Momentum

@ weak interactions: realization of a "NOON |N, 0) + |0, N) state

@ velocity quench in superlattices leads to
Rabi-like oscillations
= superposition of the states= 0 and
q=2do

T\N T \N
INOON) [0 [(by)™ + (quO) |vac)
[A. Nunnenkamp, A.M. Rey, K. Burnett, PRA 77, 023622 (2008)]

@ interactions— fidelity ~ 0.8 o 0 0 ™

=—> no "NOON"-state

Laboratoire de Physique et Melisation des Milieux Condes Grenoble
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M ACROSCOPIC SUPERPOSITION OF STRONGLY

INTERACTING BOSONS(TONKS-GIRARDEAU GAS)

Why are strongly interacting Bosons favorable?

@ weak interactions are harmful: small energy splittings
— long oscillation times between the "two-level systems”
— sensitive to particle loss (decoherence)
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M ACROSCOPIC SUPERPOSITION OF STRONGLY

INTERACTING BOSONS(TONKS-GIRARDEAU GAS)

Why are strongly interacting Bosons favorable?

@ weak interactions are harmful: small energy splittings
— long oscillation times between the "two-level systems”
— sensitive to particle loss (decoherence)

0.02 02

@ free particles or strong interactions: level 0015
splitting between ground-state and 1st excnen\u oo
state is maximal
[D.W. Hallwood, T. Ernst, J. Brandt, PRA 82, 063623 (2010)] 0.005
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Superpositions and Entanglement

M ACROSCOPIC SUPERPOSITION OF STRONGLY

INTERACTING BOSONS(TONKS-GIRARDEAU GAS)

Why are strongly interacting Bosons favorable?

@ weak interactions are harmful: small energy splittings
— long oscillation times between the "two-level systems”
— sensitive to particle loss (decoherence)

“Hoos

@ free particles or strong interactions: level 0015
splitting between ground-state and 1st eXC|te
state is maximal
[D.W. Hallwood, T. Ernst, J. Brandt, PRA 82, 063623 (2010)] 0.005

\ 001 0.01

0.005

104 102 100 10
L i glEoL
Moreover: fermionization prevents two- and three-body losses

Christoph Schenke, Anna Minguzzi and Frank Hekl Laboratoire de Physique et Melisation des Milieux Condes Grenoble

Exact solution for the s



Superpositions and Entanglement

M ACROSCOPIC SUPERPOSITION OF STRONGLY

INTERACTING BOSONS(TONKS-GIRARDEAU GAS)

Why are strongly interacting Bosons favorable?

@ weak interactions are harmful: small energy splittings
— long oscillation times between the "two-level systems”
— sensitive to particle loss (decoherence)

“Hoos

@ free particles or strong interactions: level 0015
splitting between ground-state and 1st eXC|te
state is maximal
[D.W. Hallwood, T. Ernst, J. Brandt, PRA 82, 063623 (2010)] 0.005

\ 001 0.01

0.005

104 102 100 10
L i glEoL
Moreover: fermionization prevents two- and three-body losses

@ |deal candidate for robust superpositions
= Tonks Girardeau gas

Christoph Schenke, Anna Minguzzi and Frank Hekl Laboratoire de Physique et Melisation des Milieux Condes Grenoble
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Superpositions and Entanglement

SUPERPOSITIONS IN THE TG-L IMIT

@ typical momentung = gg >
>
o0
= adiabatic coupling of states is not §
resolvable! =
tey

Barrier Momentum
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SUPERPOSITIONS IN THE TG-L IMIT

@ typical momentuny = gr > ¥

— adiabatic coupling of states is not Eﬁ
resolvable! ;Jé /
@ Solution: Out of equilibrium drive (Quench) \/ \/ \/
2

. Barrier Momentum
here:gr = 27 andgy =4

Laboratoire de Physique et Melisation des Milieux Condes Grenoble
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Superpositions and Entanglement

SUPERPOSITIONS IN THE TG-L IMIT

@ typical momentuny = gr > ¥

— adiabatic coupling of states is not Eﬁ
resolvable! ;Jé /
@ Solution: Out of equilibrium drive (Quench) \/ \/ \/
2
here:ge = ZLJ andq = 47{ Barrier Momentum
10 [ ‘ : ‘ : g
AL =1
8 |- .|
6 L J
~
2 &
4 L ]
2 L j
_/\_/\/
0 2 3 4 5
2 1 qL
T
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Superpositions and Entanglement

SUPERPOSITIONS IN THE TG-L IMIT I

@ occupation number distribution:

i B .

2, 0 2/ 6T/L 8T/ 107/ K
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SUPERPOSITIONS IN THE TG-L IMIT I

@ occupation number distribution:

i B .

—2n1, 0 2n/l, 6T/ 8/ 107/ K
= exact wavefunction is a superposition of two Fermi spheres
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SUPERPOSITIONS IN THE TG-L IMIT I

@ occupation number distribution:

i B .

—2n1, 0 2n/l, 6T/ 8/ 107/ K
= exact wavefunction is a superposition of two Fermi spheres

@ itis an entangled, strongly correlated state
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Superpositions and Entanglement

SUPERPOSITIONS IN THE TG-L IMIT I

@ occupation number distribution:

i B .

—2n1, 0 2n/l, 6T/ 8/ 107/ K
= exact wavefunction is a superposition of two Fermi spheres

@ itis an entangled, strongly correlated state

1.0

—— Superposition

. H N
U Nl IL7AVAV (RS

AN

-15 -10 -5 0 5 10 15 20
kL/x
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Superpositions and Entanglement

THE WIGNER FUNCTION (9 PARTICLES)

@ Wigner Function: fw(k,Rt) = [ dr pg(R+r/2,R—r/2,q,1)e¥
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THE WIGNER FUNCTION (9 PARTICLES)

@ Wigner Function: fw(k,Rt) = [ dr pg(R+r/2,R—r/2,q,1)e¥

kL/x kL/x

Laboratoire de Physique et Melisation des Milieux Condes Grenoble

ose gas on a ring trap



Superpositions and Entanglement

THE WIGNER FUNCTION (9 PARTICLES)

@ Wigner Function: fw(k,Rt) = [ dr pg(R+r/2,R—r/2,q,1)e¥

Christoph Schenke, Laboratoire de Physi lisation des Milieux Condeés Grenoble
Exact solution for the stirri




Superpositions and Entanglement

TIME OF FLIGHT

@ Dynamics of the transfer of angular momentum

TOF: mror (K) = | & Py pf™(x,y, t)ekxy)

de Physique et Mélisation des Milieux Condi




Superpositions and Entanglement

SUMMARY AND PERSPECTIVES
TG gas on aring

Summary

)
W

@ Exact solution for sudden stirring

0
i

@ Mesoscopic superfluidity

@ Quantum interferences can be seen in
the time of flight images

Perspectives
@ Out-of-equilibrium description beyond TG limit?

Laboratoire de Physique et Melisation des Milieux Condes Grenoble




Superpositions and Entanglement

THE PHYSICAL OBSERVABLES

@ Density Profile: PB(X X, G,1)

@ Current: h(t)=/ dx Tim {(‘Ul*(x,t)%qn (x,t)}

@ Drag-Force: Fa = (' (x1)] <%V®«(X7t)> [ (x,1))

@ Momentum Dist.: ng(k,q,t) = [ dx/ dy &Y pg(x,y,q,t)

@ Wigner Function: fw(k,Rt) = [ dr pg(R+r/2,R—r/2q,1)e¥
@ TOF: nror (K) = [ d3x [ dy a9 (x,y,t)gk(x-y)
@ Note:

= p"(r.0,z1',6',2';t) = 5(r—R)3(r ' ~R)5(2)5(2")pe(RE,RE,1)
= Angular Momentum: L= ZLI
r=

= Center of Mass Coord: y and R= (x+Y)/2

Christoph Schenke, Anna Minguzzi and Frank Hekking Laboratoire de Physique et Melisation des Milieux Condes Grenoble
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Superpositions and Entanglement

THE SINGLE -PARTICLE WAVEFUNCTION

@ The time-dependent single-particle wavefunction
By = e ATy g e B G- w)
]

@ Coefficients determined through the initial conditigy{x,t = 0) = ¢ (X)

L .
G = [ ke 600 i

where

2 52
<§m:x2 +Up 6(x)> di1(x) =& ¢ (x)

Christoph Schenke, Anna Minguzzi and Frank Hekking Laboratoire de Physique et Melisation des Milieux Condes Grenoble
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Superpositions and Entanglement

THE SINGLE -PARTICLE ORBITALS

@ Ansatz
6 (0= (eikix s e*ikiX) xe[-5.0

() = & (é“ix +y e’”‘ix) xe[0,5]
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Superpositions and Entanglement

THE SINGLE -PARTICLE ORBITALS

@ Ansatz

o Unknownsk,-Nj*, Nj*, yﬁ, ¥ determined by the matching conditions

@ Normalization
Q@ TBCs
© Cusp Conditions
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Superpositions and Entanglement

THE SINGLE -PARTICLE ORBITALS

@ Ansatz
0=k (% +y ™) xel-5.0

() = & (é“ix +y e’”‘ix) xe[0,5]

o Unknownsk,-Nj*, Nj*, l*, ¥ determined by the matching conditions

© Normalization 081+ ]
Q@ TBCs
© Cusp Conditions
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Superpositions and Entanglement

THE SINGLE -PARTICLE ORBITALS I

@ The complete set of orbitals for# n n=123.

00 = e (400 + Al g e D) xefoy]

Christoph Schenke, Anna Minguzzi and Frank Hekking
Exact solution for the stirring of a o
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Superpositions and Entanglement

THE SINGLE -PARTICLE ORBITALS I

@ The complete set of orbitals for# n n=123.

B (00 = Fe2 (5005 A g e 542))  xe (5.0
Fi(x) =
B0 =g (D) + Ak e™cd)  xeloh

@ with

- \/L<1+A2(kin)‘*‘ZA(ki’Q)SinéIEL))
sin((k +9)3)

MY Sna)

N[ [N ]
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Superpositions and Entanglement

THE SINGLE -PARTICLE ORBITALS I

@ The complete set of orbitals for# n n=123.

B (00 = Fe2 (5005 A g e 542))  xe (5.0
Fi() =
B0 =g (D) + Ak e™cd)  xeloh
@ with
N = \/L<1+A2<Iq7q>+2A<lq.,q>5i”éf”)
sin((k +9)5)

Ak, =
TR

k= /\& transcendental equation!

cog(aL) — costkiL)

Christoph Schenke, Anna Minguzzi and Frank Hekking Laboratoire de Physique et Melisation des Milieux Condes Grenoble
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Superpositions and Entanglement

THE TRANSCENDENTAL EQUATION

Solutions for the transcendental equatioky = A $kgc_)l(kjl_) with A = mﬁfgo
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Superpositions and Entanglement

THE TRANSCENDENTAL EQUATION

Solutions for the transcendental equatioky = A $kgc_)l(kjl_) with A = mﬁfgo

@ Forqg=027

|
e

kiL/m & f(kiL/m)

kiL/m

et Melisation des Milieux Condegs
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Superpositions and Entanglement

THE TRANSCENDENTAL EQUATION

Solutions for the transcendental equatioky = A $kgc_)l(kjl_) with A = mﬁfgo
@ Forqg=027
. |
5 =
3 N |
]
&
’ kiL/m
@ Forq= ’{n n=123. this reduces to
= \ =
RIS T
oF oF
& &
’ kiL/m ’ ’ kiL/m ’

Laboratoire de Physique et Melisation des Milieux Condes Grenoble
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Superpositions and Entanglement

THE SINGLE -PARTICLE ORBITALS Il

Need to distinguish betweavenandodd states fog = {'n n=123..

° g=7"

)
PR
x
=
Il

s cos{lg(h - )
\/gsin(klx)

>
o
—
x
a3
Il

Christoph Schenke, Anna Minguzzi and Frank Hekking
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Superpositions and Entanglement

THE SINGLE -PARTICLE ORBITALS Il

Need to distinguish betweavenandodd states fog = {'n n=123..

° g=7"

o
=
x
Re%
I

s cos{lg(h - )

B = \E sin(kx)

with
- cos(kiz)
57 MSnkh)
2m
ko= T 1=123.
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Superpositions and Entanglement

THE SINGLE -PARTICLE ORBITALS Il

Need to distinguish betweavenandodd states fog = {'n n=123..

° g=7"

e
x
=

I
o)
o
7]
VN
.y
famny
x
|
=
~_

with
- cos(k)
57 MSnkh)
2
k = T 1=123

) & F(x)
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Superpositions and Entanglement

THE SINGLE -PARTICLE ORBITALS Il

Need to distinguish betweavenandodd states fog = {'n n=123..

o g=2m @ gq= (i

wsin(k(x - )

\/gsin(klx)

e
x
=
Il
(@]

o
[%2]
VN
=
famny
x
|
|
S~
s

)
—~
Re%

Il

=
o
2
<
X
Il
Z|n
—IN
%20
>
2
=
<
X
sl
o
2
<
X
I

o coslib)
57 MSnkh)

2m
k = — 1=1,2,3

) & F(x)
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Superpositions and Entanglement

THE SINGLE -PARTICLE ORBITALS Il

Need to distinguish betweavenandodd states fog = {'n n=123..

o qZZTrm °gq= @n+1)m

e 2 . L e 2 ) L
0 = meos(ki-3) w0 = Fsn(hix-j)
s~ Zsinion 500 =\ Zeinte
with with

_,oos(k3) _ sin(k 5)
7 Msinled) "7 ook}
- 2:' 1=1,23.. P (Z'tl)" 1-0,1,2..
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Superpositions and Entanglement

THE SINGLE -PARTICLE ORBITALS Il

Need to distinguish betweavenandodd states fog = {'n n=123..

o qZZTrm °gq= @n+m

e 2 . L e 2 ) L
0 = meos(ki-3) w0 = Fsn(hix-j)
s~ Zsinion 500 =\ Zeinte
with with

_,oos(k3) _ sin(k 5)
7 Msinled) "7 ook}
- ? 1—123 P (Z'tl)" 1=0,1.2...
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Superpositions and Entanglement

CURRENT FLUCTUATIONS

@ The current fluctuations at tinte= 2.5T
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MOMENTUM DISTRIBUTION

@ The momentum distribution

40 4.0
3.0 A 30
= 20
~ 20 S
[
1.0
1.0
0.0
0.0 -60 -30 0 30 60
60 -30 0 30 60 kL/7
kL/m

Christoph Schenke, Anna Minguzzi and Frank Hekki

Exact solution for the stirri sional inteiizg Bose gas on a ring trap



Superpositions and Entanglement

RESOLVING THE COMPONENTS

@ momentum distribution and TOF images for a small veloeity rth/mL
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@ the components are not well resolvedrat v
(the Fermi spheres largely overlap)
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VELOCITY FLUCTUATIONS

@ what if v# nith/mL?
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= “mesoscopic superfluid”:
. difficult to transfer angular momentum to the gas
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@ velocity fluctuations are less important for a larger barrier
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@ evidence of interference effects
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