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• Quantum gas, what is this? Why it is interesting?

• Low-dimensional quantum systems in confining  traps

• Theoretical  models  (pseudopotential approach)

Confinement-induced resonances in atomic traps  

• Resonance mechanism of molecule formation in 1D trap with CM excitation

Dipolar confinement-induced resonances

“Fermionization of two distinguishable fermions”

Outlook

Outline



Pseudopotential approximation in quasi-1D
(“zero-range” potentials Yu.N.Demcov & V.N.Ostrovskii)
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identical bosons 
at

identical fermions

impenetrable bosons (Tonks&Girardeau 1960) 



Experimental  observation of CIR
strongly-correlated Tonks-Girardeau 
gas 

BDetection of the CIR by an 
increase of three-body loss

three atoms molecule + atom

in agreement with 
predicted CIR position



In experiment performed in Innsbruck  in 
collaboration with theoreticians from JINR and 
Hamburg, properties of ultracold Cs were studied 
by measuringthe atom loss in a 2D lattice formed 
by two retro-reflected laser beams 



Tuning  the interaction in 3D

Feshbach resonance3D

Confinement induced resonance

strong confinement
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Tuning  the interaction in 3D

Feshbach resonance3D

Confinement induced resonance

strong confinement
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Tuning  the interaction in 1D: B and ω

Feshbach resonance3D

Confinement induced resonance

strong confinement
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E.Haller, M.J. Mark, R. Hart, J.G. Danzl, L. Reichsoellner, V.Melezhik, P. Schmelcher and 
H.-C. Naegerle, Phys.Rev.Lett. 104 (2010)153203

three atoms molecule + atom



E.Haller, M.J. Mark, R. Hart, J.G. Danzl, L. Reichsoellner, V.Melezhik, P. Schmelcher and 
H.-C. Naegerle, Phys.Rev.Lett. 104 (2010)153203



E.Haller, M.J. Mark, R. Hart, J.G. Danzl, L. Reichsoellner, V.Melezhik, P. Schmelcher and 
H.-C. Naegerle, Phys.Rev.Lett. 104 (2010)153203

When s-wave atom-atom scattering length approaches the 
length scale of the transversal confinement, atom-atom 
scattering is substantially modified.
It was detected by characteristic minimum of the number 
of atoms ( confinement-induced resonance) in the 1D tubes   



tensorial  structure of the interatomic 
interaction V(r)



two-channel problem

II



two-channel problem

tensorial sructure of molecular state

II

sd
g



two-channel problem

tensorial sructure of molecular state

II
Innsbruck experiment with Cs atoms:

sd
g



two-channel model of Lange et. al. Phys.Rev.79,013622(2009)

3 fitting parameters:



two-channel model of Lange et. al. to 1D geometry
extension of 

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)

4-coupled radial equations

4-coupled 2D equations in the plane



two-channel model of Lange et. al. to 1D geometry
extension of 

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)
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two-channel model of Lange et. al. to 1D geometry
extension of 

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)

4-coupled radial equations

4-coupled 2D equations in the plane

scattering problem   boundary-value problem

V.Melezhik,C.Y.Hu,Phys.Rev.Lett.90(2003)083202
S.Saeidian,V.Melezhik,P.Schmelcher,Phys.Rev.A77(2008)042701



tensorial  structure of the interatomic interaction V(r)  

region of Innsbruck experiment
(d-wave Feshbach resonance)

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)

Shifts and widths of Feshbach resonances in atomic waveguides

s d
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Shifts and widths of Feshbach resonances in atomic waveguides

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)



tensorial  structure of the interatomic interaction V(r) 

region of Innsbruck 
experiment
(d-wave Feshbach resonance)

Shifts and widths of Feshbach resonances in atomic waveguides

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)



tensorial  structure of the interatomic interaction V(r) 

region of Innsbruck 
experiment
(d-wave Feshbach resonance)

experiment:
E.Haller et.al. Phys.Rev.Lett.104,

153203 (2010)

Shifts and widths of Feshbach resonances in atomic waveguides

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)



tensorial  structure of the interatomic interaction V(r) 

region of Innsbruck 
experiment
(d-wave Feshbach resonance)

experiment:
E.Haller et.al. Phys.Rev.Lett.104,

153203 (2010)M.Olshanii, Phys.Rev.Lett.81,938 (1998) :

Shifts and widths of Feshbach resonances in atomic waveguides

our  multi-channel theory coincides with single-channel theory of

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)
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tensorial  structure of the interatomic interaction V(r)

region of Innsbruck 
experiment
(d-wave Feshbach resonance)

position of  Tmax is  stable with  respect  to 

variation  of          and coincides  with 

Shifts and widths of Feshbach resonances in atomic waveguides

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)



region of Innsbruck 
experiment
(d-wave Feshbach resonance)

Innsbruck data, E.Haller (unpublished)

?

tensorial  structure of the interatomic interaction V(r) Shifts and widths of Feshbach resonances in atomic waveguides

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)



region of Innsbruck 
experiment
(d-wave Feshbach resonance)

?

tensorial structure of the interatomic interaction V(r) 

?
1) d-wave shape resonance

2)  Efimov like resonance  (3 body) :

Shifts and widths of Feshbach resonances in atomic waveguides

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)



region of Innsbruck 
experiment
(d-wave Feshbach resonance)

?

tensorial  structure of the interatomic interaction V(r) 

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)

?
1) d-wave shape resonance

2)  Efimov like resonance  (3 body) :

Shifts and widths of Feshbach resonances in atomic waveguides
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confinement





S.-G.Peng, S. Bohloul, X.J. Liu, H. Hu, P. Drummond, Phys.Rev.A82(2010)
W.Zhang, P.Zhang, Phys.Rev.A83(2011)

Two attempts to describe the CIR splitting at ω1 = ω2 
in pseudopotential approach 

no CIR splitting ! 



Multichannel scattering problem in harmonic 
waveguide (1D geometry)

Hamiltonian (atom-atom relative motion)

scattering wave function at  

scattering amplitude describes transition 

from

to V.Melezhik &P.Schmelcher, Phys.Rev.A84(2011)



Multichannel scattering problem in harmonic 
waveguide (1D geometry)

partial transmission coefficients 

describe transition probabilities 
from initial transverse state           
to all possible final states  

total transmission coefficient       T=       WnTn

initial population Wn of the state n={n1,n2}



dependence of total transmission coefficient                 
on population 

necessary ingredient for the splitting of the minimum of T is a population 
at least a few percent of the transversally excited state    
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region of Innsbruck 
experiment
(d-wave Feshbach resonance)

tensorial  structure of the interatomic interaction V(r) 

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)

Shifts and widths of Feshbach resonances in atomic waveguides



region of Innsbruck 
experiment
(d-wave Feshbach resonance)

tensorial  structure of the interatomic interaction V(r) 

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)

Shifts and widths of Feshbach resonances in atomic waveguides



region of Innsbruck 
experiment
(d-wave Feshbach resonance)

tensorial  structure of the interatomic interaction V(r) 

Sh.Saeidian, V.S. Melezhik ,and P.Schmelcher, Phys.Rev. A86, 062713 (2012)

Shifts and widths of Feshbach resonances in atomic waveguides



triple collisions  A + A + A  (AA) + A :  

pair collisions with CM excitation  An1=0+Bn2=0 (AB)n=0,N=1

energy release  ?

detection of the CIR by anincrease of three-body loss:

E.Haller, M.J. Mark, R. Hart, J.G. Danzl, L. Reichsoellner, V.Melezhik, P. Schmelcher and 
H.-C. Naegerl, Phys.Rev.Lett. 104 (2010)153203
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Mechanism of molecule formation with transferring the energy release
to CM excitation of forming molecule was considered in:

E.Bolda et.al. Phys.Rev. A71,033404 (2004) (in anharmonic lattices)

V.Melezhik &P.Schmelcher, New J.Phys.11,073031 (2009) (distinguishable atoms 
in harmonic waveguides)



non-separability of two-body problem in trap
(distinguishable atoms in harmonic trap  or  
identical atoms in anharmonic trap)

4D TDSE:

New J. of Phys. 11, 073031 (2009)V. Melezhik & P. Schmelcher,
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5D TDSE

Discretization of the angular subspace:
2D nondirect product  discrete variable representation (npDVR)

V.Melezhik, Phys.Lett.A230(1997)203
V.Melezhik, AIP Conf.Proc.1479(2012)1200

Computational scheme: component-by-component split operator method

interaction  is diagonal in ndDVR
kinetic energy operator  is diagonal in

V.Melezhik, Phys.Lett.A230(1997)203
V.Melezhik,J.I.Kim,P.Schmelcher, Phys.Rev.A76(2007)053611



economic computational scheme

BLTP JINR two-core Intel processor Xenon 5160 with 3GHz frequency

V.Melezhik, Phys.Lett.A230(1997)203
V.Melezhik, AIP Conf.Proc.1479(2012)1200
V.Melezhik,J.I.Kim,P.Schmelcher, Phys.Rev.A76(2007)053611



An1=0 +  Bn2=0  (AB)n=0,N=1



An1=0 +  Bn2=0  (AB)n=0,N=1



Resonant Formation of Ultracold Molecules in Waveguides

New J. of Phys. 11, 073031 (2009)V. Melezhik & P. Schmelcher,

possible applications:

- ultracold collisions in atomic waveguides

- electron-impurity scattering 
in quantum wires               

- atomic interferometry

coupling of the deatomic continuum with the CM of excited 
molecule  at  (N=1)  in closed transverse channels:

if the atoms in the colliding pair are identical, then                
coupling term goes to zero and the effect disappears. 

Time evolution of the molecular states (N=0 and 1) population P (t)  during a pair collision:N

TDSE:   4D

An1=0 +  Bn2=0  (AB)n=0,N=1



in Heidelberg experiment , S.Sala et. al. Phys.Rev.Lett.110,203202 (2013), 
the mechanism of molecule formation with transferring
energy release to CM molecule excitation was observed
in anharmonic waveguide  



Dipolar  confinement-induced resonances  in  waveguides

P.Giannakeas, V. Melezhik & P.Schmelcher, PRL,111(2013)
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Dipolar  confinement-induced resonances  in  waveguides

P.Giannakeas, V. Melezhik & P.Schmelcher, PRL,111(2013)



Quantum simulation with fully controlled 
few-body systems

control over:  quantum states 
particle number
interaction

G.Zurn et. al. Phys. Rev. Lett. 108, 075303 (2012)



Fermionization of two distinguishable 
Fermions

image source: MPG

G.Zurn et. al. Phys. Rev. Lett. 108, 075303 (2012)



Mapping at 

analytic solution for energy:
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How one can measure this?
• Prepare the systems with high fidelity in the

ground state

 modify the interaction strength

• measure the energy of the systems



Measurement of the energy:
Tunneling with interaction
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G.Zurn et. al. Phys. Rev. Lett. 108, 075303 (2012)



Determine tunneling time
fixed barrier height, different magnetic field values
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G.Zurn et. al. Phys. Rev. Lett. 108, 075303 (2012)



2 distinguishable vs. 2 
identical fermions
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Br

a3D(Br)/a| = 1.46  <-- CIR !!!



2 distinguishable vs. 2 
identical fermions
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• Same tunneling time  Same 
energy

behaves 
like

Fermionisation of two 
distinguishable fermions

• Same energy in 1D only one
unique solution for the
wavefunction square

Experimental proof of
the mapping:







G.Zurn et. al. Phys. Rev. Lett. 108, 075303 (2012)



time of simple models is over

Experimental setups in:

MIT (Boston), Boulder, NIST (Washington), Munich, Heidelberg, 
Shtutgart, Hamburg, Innsbruck, Vienna, Paris, Firenze, Barselona,
N.Novgorod, Troitsk …   

Rb,Cs,K,Sr,Li …
Rb2 , Cs2 , RbK … 1D, 2D, 3D

~ 80 experimental groups worldwide



Quantum simulation with fully controlled 
few-body systems

control over: quantum states, particle number, interaction

• attractive interactions        BCS-like pairing in finite systems

• repulsive int.+splitting of trap      entangled pairs of atoms
(quantum information processing)

• + periodic potential        quantum many-body physics
(systems with low entropy to explore 
such as quantum magnetism) 

• ...

Bose-Hubbard Physics









Results were obtained in collaboration with 

Peter Schmelcher (ZOQ,Hamburg)   
Panagiotis Giannakeas (ZOQ,Hamburg)
Shahpoor Saeidian (IASBS,Zanjan,Iran) 

Innsbruck experiment:
Elmar Haller
Hans-Chrisroph Nagerl

..
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