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Coherent mixtures with increasing complexity
pseudo spin ½ 

one dimensional 
miscible to immiscible transition via linear coupling
‚critical‘ scaling after a quench towards a quantum critical point

quantum features in zero dimensional situation (no motion)
introduce collective spin dynamics
squeezing and quantum bifurcation

spin 1
non-local entanglement

EPR correlation from 0d to 1d

one dimensional 
POVM readout
universal dynamics
topological excitations such as solitons



Experimental detailsVacuum since 2000, with one day break

F=2

F=1

Rubidium BEC

strongly focussed

weakly focussed



The system
F=2

F=1

Rubidium BEC

Two mixtures with special properties

|1 >

|2 >

magic field: 3.23 G

PRA 66, 053616 (2002)

|1 >

|2 >

PRL 92, 160406 (2004)
PRA 69, 032705 (2004)

Feshbach resonance: 
9.09 G but 20mG width



strongly focussed dipol trap

F=1 mF=-1

𝑎𝑎11 : 𝑎𝑎22 : 𝑎𝑎12 = 100.44𝑎𝑎𝐵𝐵 : 95.47 𝑎𝑎𝐵𝐵: 97.7𝑎𝑎𝐵𝐵

Rubidium is special:

What happens if the superposition @ t=0 is generated?  
F=2

F=1

Rubidium BEC

|1 > |2 >



strongly focussed dipol trap

F=1 mF=-1

Component F=2 has smaller
repulsive interaction than F=1 !

Potential separation – no phase separation!



Losses are well understood and
have to be taken into account.

time averaged experiment –
stationary theory solution --



𝑎𝑎11 : 𝑎𝑎22 : 𝑎𝑎12 = 100.44𝑎𝑎𝐵𝐵 : 95.47 𝑎𝑎𝐵𝐵: 97.7𝑎𝑎𝐵𝐵

Rubidium is special:

weakly focussed dipol trap F=1 mF=-1

97.7𝑎𝑎𝐵𝐵

What happens if the superposition @ t=0 is generated?  
F=2

F=1

Rubidium BEC

|1 > |2 >

20mG



Experimental detailsIs a magnetic field stability @ 9.1G an issue
for a standard setup?

20mG



∆B< 100µG @ 50 Hz

Experimental details

20mG

300µG

Limited by temperature
dependence of flux-gate sensor:
300µG  = 75mK change

<20 µG

Is a magnetic field stability @ 9.1G an issue
for a standard setup? NO



weakly focussed dipol trap

What happens if the superposition @ t=0 is generated?  
F=2

F=1

Rubidium BEC

|1 > |2 >

miscible

immiscible



weakly focussed dipol trap

What happens if the superposition @ t=0 is generated?  
F=2

F=1

Rubidium BEC

|1 > |2 >



Where does the length scale come from ?  F=2

F=1

Rubidium BEC

F=2

F=1

Rubidium BEC

<1 >1immiscible miscible
1

Bogoliubov treatment: 
immiscible

miscible



𝛀𝛀/𝑛𝑛𝑔𝑔11

What happens if linear coupling is added ?  F=2

F=1

Rubidium BEC

<1 >1immiscible miscible
1

miscible

immiscible

miscible

Bogoliubov theory for mutually coherent condensates
Paolo Tommasini et al. PRA  67, 023606 (2003)

A study of coherently coupled two-component Bose-Einstein condensates
M. Abad and A. Recati, Eur. Phys. J D 67, 148 (2013)



Rabi oscillations in the miscible and immiscible regime ?  
F=2

F=1

Rubidium BEC|1 > |2 >

Feshbach resonance

immiscible miscible

immiscible

miscible

E. Nicklas PRL 107, 193001, 2001



|1 >

|2 >
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Dressed states reconstructed: miscibility <-> immiscibility

E. Nicklas PRL 107, 193001, 2001



Rabi oscillations in the miscible regime with initial 
condition F=2

F=1

Rubidium BEC

|1 >

|2 >

|1 > |2 >+

PRL 107, 193001 (2011)

𝜋𝜋/2 pulse



See also: C.P. Search, P.R. Berman PRA 63, 043612 (2001)

Miscibility of dressed states:

implies immiscibility of bare states a11~a22:

Ω is the dominating energy scale



density

F=1

F=2

Rubidium

immiscible miscible

Standard miscible-immiscible transition

        

|1 >

|2 >

|1 >

|2 >

miscible

𝛀𝛀

𝛀𝛀/𝑛𝑛𝑔𝑔11

∆
1

immiscible



density

Effective B field: miscible-immiscible transition

F=1

F=2

Rubidium

𝛀𝛀

𝛀𝛀

Effective 1D XXX-type Heisenberg model𝛀𝛀

assuming constant density



Characteristic time & length

Ω
cΩ

Lcorr

νε
1

∝corrL

Ω

Eg

Relevant parameters

1

𝛀𝛀

Ω large

cΩ

Ω large



ΩcΩ

νε
1

∝corrL

𝜀𝜀~
0.

05

pr
ep

ar
e

𝑱𝑱𝒛𝒛 𝑥𝑥 𝑱𝑱𝒛𝒛(𝑥𝑥𝑥) = Δ𝑛𝑛 𝑥𝑥 Δ𝑛𝑛(𝑥𝑥𝑥) with 1µm spatial resolution !!!
~5µm spin healing length for Ω=0

t=5ms

Access correlation length

1

𝛀𝛀
cΩ

PRL 115, 245301 (2015)



ΩcΩ

νε
1

∝corrL

𝜀𝜀~
0.

05

pr
ep

ar
e Temporal evolution of correlation functions



ΩcΩ

νε
1

∝corrL

pr
ep

ar
e

space
𝜈𝜈 = 0.51±0.06

sp
ac

e

time

Scaling of correlation functions

time

PRL 115, 245301 (2015)

𝜈𝜈𝜈𝜈 = 0.5



ΩcΩ

νε
1

∝corrL

pr
ep

ar
e

Markus Oberthaler

sp
ac

e

time

Scaling of correlation functions
PRL 115, 245301 (2015)

Bogoliubov pediction by I. Bouchoule



ΩcΩ

νε
1

∝corrL

pr
ep

ar
e

limited by 0 !?

power law in the immiscible regime

1

𝛀𝛀
cΩ



ΩcΩ

νε
1

∝corrL

pr
ep

ar
e

0

extension to positiv  Ω



ΩcΩ

νε
1

∝corrL

pr
ep

ar
e

0

0.51 ±0.04 rescale

Scaling in the immiscible regime



Bogoliubov for positive and negative

0.51 ±0.04

Ω



Ginzburg criterium

ΩcΩ

νε
1

∝corrL

meanfield

Semiclassical field simulations

Thomas Gasenzer group: Markus Karl 

𝐓𝐓𝐞𝐞𝐞𝐞𝐞𝐞~
𝛀𝛀𝐜𝐜
𝟒𝟒

Sachdev, NPB (1996)

F x = x 𝜃𝜃 𝑥𝑥 + 4
𝜂𝜂
𝜋𝜋
�
0

∞
𝑑𝑑𝑑𝑑 ln coth 𝑥𝑥2 + 𝑦𝑦2 /2

anomalous dimension

𝜉𝜉 𝑇𝑇;Δ = 𝑐𝑐𝑠𝑠𝑇𝑇−1F−1
Δ
𝑇𝑇

1D transverse field Ising model

𝛈𝛈 = 𝟎𝟎.𝟏𝟏𝟏𝟏



SUMMARY 
Ultracold gas systems simulate classical

non-linear coupled equations with high precision

Two component interacting gases + linear coupling
additional experimentally accessible controll

Many new developments:
Trento Group – Lectures by Giacomo Lamporesi
Bourdel Group – Poster 17, tomorrow – Alfred Hammond
Tarruell Group – Poster  9, yesterday – Craig Chisholm 

PRA 92, 053614 (2015)

Effective 1D Heisenberg model



PRA 92, 053614 (2015)

Nonlinear dressed states – applied mathematics
Panos Kevrikidis



SUMMARY 
Ultracold gas systems simulate classical

non-linear coupled equations with high precision

Two component interacting gases + linear coupling
additional experimentally accessible controll

Many new developments:
Trento Group – Lectures by Giacomo Lamporesi
Bourdel Group – Poster 17, tomorrow – Alfred Hammond
Tarruell Group – Poster  9, yesterday – Craig Chisholm 

PRA 92, 053614 (2015)

Effective 1D Heisenberg model



Ginzburg criterium

Rewritten in spin operators

Assuming constant density



Ginzburg criterium



Kibble Zurek mechanismFinite time quenches

msQ 1=τ

msQ 5=τ

msQ 10=τ

msQ 30=τ
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