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A ONE DIMENSIONAL W ORLD 
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Source: G . Zürn, thesis 

Distinguisha ble fermions Identica l bosons 

Rela tive wa ve function 

r r 

Intera ction 

Strong intera ctions -> Impenetra bility!   
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STRONG LY INTERAC TING  BOSONS 
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| g1D| →∞ limit Tonks (1936)-G ira rdea u (1960) ga s 
of impenetra ble bosons  

Ma pping identica l bosons to spin-pola rized fermions. G ira rdea u (1960). 

Impenetra ble bosons Antisymmetrized fermions 

Lieb-Liniger (1963) used Bethe a nsa tz to 
solve N boson problem for a ny g>0  
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EXPERIMENTAL REALIZATION 
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Optica l la ttices 

I. Bloch, Na ture Physics 1, 23 (2005)  

Confinement-induced 
resonances 

Maxim Olshanii  
Phys. Rev. Lett. 81, 938 (1998) 

Divergent at specific point depending on 
lattice and 3D Feshbach resonance 
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EXPERIMENTAL REALIZATION 
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Na ture 429, 277 (2004)  

Science 305, 1125 (2004)  

Experimentally produced and probed the Tonks-Girardeau gas on 
the repulsive side g>0 
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EXPERIMENTAL REALIZATION 
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Science 325, 1224 (2009)  

Study of the crossover 
from g>0 to g<0 in the 
strongly-interacting 
regime. 
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1D FERMIONS – A FRONTIER 
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Two kinds of rela tive motion for two-body sta tes!  

Source: G . Zürn, thesis 

Fermioniza tion of two fermions in a  1D ha rmonic tra p: 
G . Zürn et al., Phys. Rev. Lett. 108, 075303 (2012). 
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EXPERIMENTAL REALIZATION 
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Fermioniza tion of two fermions in a  1D ha rmonic tra p: 
G . Zürn et al., Phys. Rev. Lett. 108, 075303 (2012). 

Two-body tunneling 
experiments 
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THREE FERMIONS 
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Rela tive wa ve functions. W ha t should we ta ke?  

or 

? ? ?  C onjecture: Use the symmetric choice for non-
identica l pa irs for a ny N-body system  

M.D. G ira rdea u, Phys. Rev. A 82, 011607(R) (2010). 
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THREE FERMIONS 
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Let’s keep a n open mind! 
1) In limit g1D->∞, rela tive wa ve 
functions ha ve not va nish a t zero for 

identica l a nd non-identica l pa irs! 
 

2) Identica l fermions must ha ve odd 
rela tive wa ve functions! 

 

Two strict conditions: 

0 
r 

a 1 a 2 

Non-identica l rela tive wa ve function 

IDEA: Keep a 1 a nd a 2 a s free 
pa ra meters a nd do a  va ria tion! 

A.G . Volosniev et al., arXiv:1306.4610 (2013) 
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THREE FERMIONS - SOLUTION 
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Split spa ce in pa tches 

Pa uli a nd pa rity reduces 
problem to a 1, a 2, a nd a 3. 

Spectrum on resona nce 

Optimize deriva tive! 

Importa nt: 
Antisymmetric 

sta te! 
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THREE FERMIONS - SOLUTION 
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Extremizing solutions a re: 

a 1=a 2=a 3 

2a 1=2a 3=-a 2 

a 1=a 3 a nd a 2=0 

Non-intera cting sta te 

Excited sta te, even pa rity 

G round sta te, odd pa rity 

IMPORTANT: C oefficients a re 
genera lly NOT the sa me! 

S.E. G ha ra shi a nd D. Blume, Phys. Rev. Lett. 111, 045302 (2013) 
A.G. Volosniev et al., arXiv:1306.4610 (2013) 
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HARMONIC ALLY TRAPPED SYSTEMS 
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Sta nda rd style Elega nt style 

E.J. Lindgren et al., arXiv:1304.2992 (2013). 
S.E. Gharashi and D. Blume, Phys. Rev. Lett. 111, 045302 (2013) 
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G ROUND STATE PROPERTIES 
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Tra p density Occupa tion numbers 

E.J. Lindgren et al., arXiv:1304.2992 (2013). 
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FERMIONIZATION OF FERMIONS 
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It is different from identica l bosons a nd spin-pola rized fermions! 

The ‘democra tic’ solution or 
trivia l Bose-Fermi ma pping uses: 

between a ll non-
identica l pa irs. 

ψBF= (81/ 2ψgs+ ψnon)/ 3 
In the 2+1 ca se it is 
NOT a  releva nt 
eigensta te but ra ther 
a  linea r 
combina tion! 

BUT ca n we tell the difference in experiments?  

S.E. G ha ra shi a nd D. Blume, Phys. Rev. Lett. 111, 045302 (2013) 
A.G. Volosniev et al., arXiv:1306.4610 (2013) 
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From Few to Many: Observing the Formation 
of a Fermi Sea One Atom at a Time 
A. N. Wenz et al., Science 342, 457 (2013) 

Green solid line from 
S.E. Gharashi, K.M. Daily, and D. Blume, Phys. 
Rev. A 86, 042702 (2012). 

Selim Jochim 
experiments in 
Heidelberg.  

Orange ‘many-body’ line 
J.B. McGuire, J. Math. Phys. 6, 432 (1965). 
G.E. Astrakharchik and I. Brouzos, Phys. Rev. A 
88, 021602 (2013). 
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EXPERIMENTAL SIG NATURE 
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G . Zürn et al., Phys. Rev. Lett. 108, 075303 (2012). 

F. Serwane et al., Science 332, 336 (2011). Do tunneling experiments! 

Source: G. Zürn 
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THEORY VS. EXPERIMENT 
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Da ta  from Jochim group (G . Zürn) 

NOT 33% 
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FOUR-BODY SYSTEMS 
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A.G . Volosniev et al., arXiv:1306.4610v1 (2013) 
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THREE TW O-C OMPONENT BOSONS 

21 
N.T. Zinner et al., arXiv:1309.7219 (2013). 
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N.T. Zinner et al., arXiv:1309.7219 (2013). 

Stochastic variational calculations 
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AAB 

BAA 

ABA 

2nd excited sta te 
with node! 

G round  
sta te 

First 
excited  
sta te 

G round 
sta te for 
2+1 
fermions  

Perfect a ntiferroma gnet?  Perfect ferroma gnet?  
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FOUR-BODY BOSONS 
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AABB+BBAA ? ?  
G round sta te structure 
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MAIN MESSAG ES 
› C omplete theory goes beyond Bose-Fermi ma pping 
› Must connect sta tes to eigensta tes in the spectrum 
› ‘Ma gnetic’ correla tions a re a ccessible 
› G ood a greement with experimenta l da ta  
› Fermions a nd bosons ca n be VERY different even in 

the ha rd-core limit! 
› Engineering of ferro- a nd a ntiferroma gnetic sta tes! 
› W a ve functions a nd not energies a re the most 

importa nt objects! 

25 
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G ENERALIZATIONS 
› More pa rticles – a lso Bose-Fermi mixtures 
› Excited sta tes 
› Impurity Problems 
› Multi-well setups 
› Dyna mics! 

26 
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2+1 bosons 
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