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FROM FEW - TO MANY-BODY 

2 Mohit Ra nderia , Na ture Phys. 6, 561 (2010) 

Mohit Randeria, Physics 5, 10 (2012) 
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C OOPER PAIRS 
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C ooper considered a  two-body problem with the restriction 
introduced by the Pa uli principle 

C oncerns two spin components. In cold a toms there ca n be more tha n 
two. Either use severa l hyperfine sta tes or use a  mixture 

Is there a n equiva lent C ooper-like problem for three pa rticles?  
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EFIMOV EFFEC T MUST BE C ONSIDERED 
Vita ly Efimov 1970 
 Identica l bosons in 3D ha ve a n infinite la dder of three-body bound 
sta tes when there is a  two-body bound sta te a t zero energy 
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ULTRAC OLD ATOMS 
Experimenta l observa tion – G rimm group. 133-C esium Na ture 440, 315 (2006).  

Many observations have followed using different atomic species!  

 Florence group – 39K, Nature Phys. 5, 586 (2009). 

 Bar Ilan group – 7Li, PRL 103, 163202 (2009). 

 Rice group – 7Li, Science 326, 1683 (2009). Evidence of four-body! 

 Florence group – 41K-87Rb, PRL 103,  073202 (2009). Heteroatomic mixture! 

Three-component 6Li fermionic systems! 

Heidelberg group, PRL 101,  203202 (2008). Penn State group, PRL 102,  
165302 (2009). Tokyo group, PRL 105,  023201 (2010).  

New experimental technique: Radio-frequency association of 6Li trimers. 
Heidelberg group, Science 330, 940 (2010). Tokyo group, PRL 106, 
143201 (2011).  
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BAC KG ROUND EFFEC TS?  

Externa l confinement 

Finite tempera ture 

Non-universa lity 

Q ua ntum degenera cy 

C ondensed Bose or degenera te Fermi systems 
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REDUC TIONISM 
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C onsider a  single Fermi sea  
a nd two other pa rticles 

Pa uli principle is simpler to 
ha ndle in momentum 

spa ce 

Turns out the two-body 
physics is the sa me a s for 
the C ooper pa ir problem 
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C OOPER PAIR INSPIRATION 

D(q,E) 

Dimer propagator Vacuum 

Include single Fermi sea: 

Critical value for bound dressed dimer: 
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THREE-BODY PROBLEM 
Momentum-spa ce three-body equa tions 

Skornya kov  a nd Ter-Ma rtirosia n, Zh.Eksp. Teor. Fiz. 31, 775 (1956). 

Bound states: 

Needs regularization! Use method of Danilov, Zh.Eksp. Teor. Fiz. 40, 498 
(1961). Nice recent discuss by Pricoupenko, Phys. Rev. A 82, 043633 (2010) 
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Increa sing kF 

N.G . Nyga a rd a nd N.T. Zinner, New J. Phys. 16, 023026 (2014) 
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W HAT ABOUT EFIMOV SC ALING ?  
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Efimov sca ling 

W e find ma ny-body Efimov sca ling! 

N.G . Nyga a rd a nd N.T. Zinner, New J. Phys. 16, 023026 (2014) 
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THE 6LI SYSTEM 

k*=6.9*10-3  a 0
-1 kF=0.01k* n~1011 cm-3 
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THE 6LI SYSTEM 

k*=6.9*10-3  a 0
-1 kF=0.03k* n~1012 cm-3 
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THE 6LI SYSTEM 

k*=6.9*10-3  a 0
-1 kF=0.06k* n~1013 cm-3 
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A REALISTIC  SYSTEM 

15 N.G . Nyga a rd a nd N.T. Zinner, New J. Phys. 16, 023026 (2014) 
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OBSERVABILITY?   
› Densities ha ve been too sma ll or mea surements 

ha ve not been a round the second trimer 
threshold point. 

› Trimer moves outside threshold regime D’Inca o et 
al. PRL 93, 123201 (2004). 

› Perhaps not a problem Wang and Esry New. J. 
Phys. 13, 035025 (2011). 

› Dimer regime is harder since lowest Efimov state 
has large binding energy. 
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BOUND STATES AND BAC KG ROUND 
SUMMARY 

Sepa ra tion of sca les usua lly comes to the 
rescue 

Bound sta tes a re ra rely a lone in the world when we probe 
them 

C old a tomic three-body results a re la rgely consistent with no ba ckground 
effect 

HOW EVER: Ba ckground density ha s energy sca le tha t is slightly sma ller 
tha n binding energy. Effects should be a ddressa ble in current experiments! 

Importa nt lesson: C ooper pa ir problem 
No bound sta tes in va cuum, but bound sta tes with Fermi sea  ba ckground! 

Need to genera lize the C ooper problem to three (or more)-body sta tes! 

N.G . Nyga a rd a nd N.T. Zinner, New J. Phys. 16, 023026 (2014) 
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OUTLOOK ON DRESSED EFIMOV 
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More Fermi sea s will not cha nge the results qua lita tively 

Sca ttering sta tes a nd recombina tion in a  Fermi sea  

Mixed systems of bosonic a nd fermionic a toms 

Superfluid or condensed sta tes?  

C a n ma ny-body effects provide a  three-body pa ra meter?  
C a n it be universa l?  

Niema nn a nd Ha mmer Phys. Rev. A 86, 013628 (2012). 

Fluctuations are an important outstanding question! 
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TRIMERS IN C ONDENSATES 

19 
NTZ,  

R 

BEC  

Impurities 
Born-Oppenheimer potentia l 

with no condensa te 

Born-Oppenheimer result is strongly 
modified by presence of condensa te 

NTZ, EPL 101 (2013) 60009 

Two impurities in BEC of light bosons – 
BEC is weakly interacting – ξ is large 
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OUTLOOK ON LOW ER DIMENSION 
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No Efimov effect in 1D or 2D 

Zero-ra nge limit provides 2 bound sta tes in 2D a nd one 
bound sta te in 1D 

Rea listic cold ga ses ha ve tra ps, must be ta ken into a ccount through 
oscilla tor potentia ls. This complica tes ma tters 

Pa uli blocking on three-body sta tes in 2D might be simila r to 3D, but 
1D will be very different 

An interpola tion scheme would be extremely nice! 

M.T. Ya ma shita  et al., arXiv:1404.7002 (2014). 
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C ONDENSED-MATTER 
APPLIC ATIONS 
› Multi-ba nd superconductors 
› Surfa ces a nd wires – low-dimensiona l bound 

sta te problems 
› Excitons a nd pola rons 
› Trion sta tes – ca rbon na notubes 
› Surfa ce sta tes on non-trivia l insula tors 
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THREE ANG LES OF APPROAC H 

› C ha ra cterize low-energy bound sta tes in 
different geometries, dimensiona lities, a nd with 
both short- a nd long-ra nge intera ctions. 

› Apply ma ny-body effects in either a  top-down 
or a  bottom-up fa shion. 

› Merge findings to improve forma lism tha t 
a ccounts for both ma ny- a nd  few-body 
correla tions in a  genera l setting. 
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IMPLEMENTING  MANY-BODY 

A top-down scheme 

Adva nta ges: 
G reen’s function a pproa ch is very genera l 
C a n work with both fermions a nd with bosons 
C a n a ccommoda te degenera te ba ckgrounds 
C a n be genera lized to finite tempera ture ‘ea sily’ 

Disa dva nta ges: 
Long-ra nge intera ctions a re difficult to ha ndle 
Self-energy term is complica ted 
Requires trunca tion a t low order 
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IMPLEMENTING  MANY-BODY 

Bottom-up a pproa ch 

Use exa ct dia gona liza tion, stocha stic methods, a nd other numerica l schemes 

Adva nta ges: 
Includes a ll correla tions within model spa ce 
C a n work both short- a nd long-ra nge intera ctions 
Ea sy a ccess to full N-body wa ve function 

Disa dva nta ges: 
C a n not be extended to la rge systems 
Trunca tion implies effective intera ction must be 
used 
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SYNTHESIZE FORMALISM 

› Top-down a nd bottom-up a pproa ches 
complement ea ch other. 

› Results will help pin down precise va ritiona l wa ve 
functions for genera l systems. 

› Ultima te goa l is to predict the low-energy 
beha vior of a  qua ntum system ba sed on 
knowledge of its few-body structure. 

› Develop a  cla ssifica tion scheme for qua ntum 
structures. 
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NUC LEAR, PARTIC LE, AND ASTROPHYSIC S 

Nuclear physics 

Nuclear matter – neutron matter – neutron stars 

An (almost) universal interaction type of problem 

Nuclear physics methods and inspiration is important 

Renormalization group nuclear studies are interesting 
Can one turn it around to integrate out low-momentum degrees of freedom? 

That would be great for handling Pauli blocking effects for instance 

Particle physics 

Quark bound states – strongly-interacting systems 

Quark matter – dense stars 
Possibility of superfluid behavior – polarized superfluids  

Bound states in a medium? 
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C OLD ATOMS AND SOLID-STATE PHYSIC S 

C old a toms a re nice, but ‘difficult’ to intera ct with for technologica l purposes 

Technology relies mostly on solid-sta te devices, i.e. electronics 

Simula tion a nd qua ntum ma nipula tion with cold a toms is very powerful 

To ha rness the power we need cold a tom-solid-sta te interfa ces! 

Atoms on a  chip, a toms close to wires a nd na notubes 
Atoms tra pped a round optica l fibers 
Microstructured potentia ls tha t ca n bea t optica l wa velength limit 

Hybrid quantum systems 
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C OLLABORATION 
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AU 
Nicola i Nyga a rd 
Aksel Jensen 
Dmitri Fedorov 
Peder Sørensen 
Artem Volosniev 
Jeremy Armstrong 
G eorg Bruun 
Jens Kusk 
Ja n Arlt 
Ja kob Sherson 

Ta iwa n 
Da w-W ei W a ng 
Sheng-Jie Hua ng 
Ha o Lee 

Ha rva rd 
Eugene Demler 
Berna rd W unsch 
 

C a ltech 
Da vid Pekker 

Oxford 
Igor Mekhov 

Tha nk you a nd enjoy the weelend! 

Bra zil 
Filipe Bellotti 
Ma rcelo Ya ma shita  
Tobia s Frederico 
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