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What is the big deal in ultracold physics ?
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Ultracold Physics
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Ultracold Physics
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Feshbach Resonances: Quantum control
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Two-body physics ... at ultracold temperatures
s-wave scattering length :
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Two-body physics ... at ultracold temperatures

i B s-wave scattering length :
= ~ tand
e -~ @+@ a = — lim
k— k g y
'f Elastic crossection
O E'JI',E
: , ) (strength of the
. hyperfine interactions: interatomic interaction)
can change i !!!

{ rp : characteristic size)

B-field




Feshbach Resonances: Quantum control
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Two-body physics ... at ultracold temperatures
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Two-body physics ... at ultracold temperatures
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Feshbach Resonances: Quantum control

Two-body physics ... at ultracold temperatures

Strongly correlated regime :
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Feshbach Resonances: Quantum control

Two-body physics ... at ultracold temperatures
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Two-body physics ... at ultracold temperatures
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Feshbach Resonances: Quantum control

Two-body physics ... at ultracold temperatures

Strongly correlated regime :
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Few-body physics in Ultracold Gases
(Why do we care ?)
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Few-body Physics in Ultracold Gases

a dependence of 3-body scattering processes

Losses
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(Three-body Recombination)

(Vibrational Relaxation)
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Few-body Physics in Ultracold Gases

a dependence of 3-body scattering processes

(Three-body Recombination)
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Control of tew-body correlations

(Atom-dimer scattering length)
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Few-body Physics in Ultracold Gases

Efimov P]‘IR sics (~1970): Nuclear Physics
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Few-body Physics in Ultracold Gases

Efimov Pl‘lj{ sics (~1970): Nuclear Physics

E’ Weakly bound trimers Ultracold gases (Cs Exp. - Innsbruck)

Kraemer, ¢f al., Nature (20086)

iz _ ; ]
Im T . & = .II Efimov resonamce | -
J % 15 & lnk [¥Incao, Greene, Esry,
(no two-body states ! T4 ;e
Vitaly Efimov infinitely many three-body states) % [ 200K !
.f ::;__;_i = E 260 nk  F "
E ik 250 nk Euﬁ#ﬁ#
s : g
.. afterwards ... - " louk ]
-3 -1.5 -1 i} Ll [ ! | |
™M™ Long-lived weakly bound dimers i
™M~ Control of the few-body interactions A new (exp) research venue:
: Innsbruck (Grimm)
E’ Scattering length dependence Rice (Hulet)
on 3-body collision rates LENS (Minardi, Modugno)
Heidelberg (Jochim)
PenState (O'Hara)

Israel (Khaykovich)



Toolkit for Exploring Few-body Physics ...




Toolkit for Exploring Few-body Physics ...
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Toolkit for Exploring Few-body Physics ...

For N particles .. ... the hyperspherical way !!!
- 1
H=——V2+)Y V(ry) . 1 d2 A2(Q
o T ; ! ol OVH g
: 2ud?R  2uR?

... angles + set of non-compact
coordinates 1y — 0, oo
hyperradius /1 : overall size
(collective motion)

R — [0, o0

It

hyperangles {ﬂ}: internal motion
{1} — [0, x 7]



Toolkit for Exploring Few-body Physics ...

For N particles .. ... the hyperspherical way !!!
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Hyperspherical Potentials
2 (think Born-Oppenheimer)
(three-body continuum)
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Toolkit for Exploring Few-body Physics ...

N-body Problem :
3N : coordinates
-3 : CM motion Three-body Problem
-3 : Rigid body rotations

3N-6 : Internal coordinates
(Hyperradius + 3N-7 hyperangles)

Four-body Problem Hua®,(R; Q) = U,(R)®,(R; Q)

(= {6, ¢} : 2D PDE

Hoa®,(R: Q) = U (R)D,(R; Q)
1= {0,,0z,¢1, 02,03} : 5D PDE




Toolkit for Exploring Few-body Physics ...

N-body Problem :
3N : coordinates
-3 : CM motion Three-body Problem
-3 : Rigid body rotations

3N-6 : Internal coordinates
(Hyperradius + 3N-7 hyperangles)

Four-body Problem

- Democratic hyperangles
(Smith-Whiten, Johnson, Kupperman, Aquilante)
- Correlated Gaussian + Hypersherical representation

[N~ Fragmentation thresholds
B’ Symmetrization is simpler

Problem: numerically challenging
(as N increases)
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Toolkit for Exploring Few-body Physics ...

Bonnd sd Scatlering properties (Hyperradial Schrodinger Equation)

1 42 .
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1 H
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-1 ’ } Resonance Spectrum
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} Bound Spectrum
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Toolkit for Exploring Few-body Physics ...

Bound and Scattering properties (Hyperradial Schrodinger Equation)

1 42 .
|——':—. + T Ry — Ej| F.{R) + Z W (RE(R)=0

Ultracold Few-body Collisions

2
|
@ o . , i
i | @ W (1) : non-adiabatic couplings
@ (drive inelastic transitions)
1} r E
Typical length & energy scales:
21 > — Van der Waals length: ry = 100ag
— Temperature: T = 100nkK
=
e
-4+ ST :
— Solve Schrédinger equation for R ~ 10%a,
s LML - - - - - - "
0 20 40 a6l B0 100 120 140 ({lﬂ Smm!! }



Finite range & Finite temperature effects
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Finite range & Finite temperature effects

Analytical, Zero-Energy
Recombination, ...

K, (cm®/s)

i (2.0,

5 10° Tk 1’ 10°
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Finite range & Finite temperature effects

Cs+Cs+Cs Recombination
J. P. D’Incao, H. Suno, B. D. Esry, PRL (2004)
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Universal Properties ... from the
Hyperspherical view point
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Efimov Physics: Universality

Efimov Physics = appearance of an attractive or repulsive
three-body effective interaction ... (|a| = 1)

(Attractive)
Classification: all three-body systems

Efimov stateg

(with s-wave int.) fall into one of the two s !
categories !!! % ot : I
(Repulsive) i
g .
= @~ o
—a o BBE, BBEF, FEf (§ < 0.0735), ...

"i%_____:"______

FFF', BFF, FEf (6 < 0.0735), ...
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Efimov Physics: Universality

Efimov Physics = appearance of an attractive or repulsive

three-body effective interaction ... (|a| = 1) _
Near threshold behavior (E < 1/2ua?) :

valid for all s — wave systems 1!!

Relaxation Recombination

o ol E a >0 a<0| E a>=>0 a=<(

BEBE | 07 | const a’ ? const a’th |ILI-I4ﬂ
1= | k2 ? ? 16 ? ?
2+ K ? ? K g ?
BBB’' | 07 | const ? ? const b ?
Il k? 7 ? I | ?
o+ I;I.-I ? ? I;I--l ? ?
FFF’ | 0 const q—3-332¢ ? i ? "
1= | &® ? 2 | K* a% ?
2T | & ? ? k* : y

s

E-dep. Esry, Greene, and Suno (2002); AFedichev, Reynolds, and . V. 5I:1l}'i'|p|'|':ku'.- (1996); Esry, Greene, and Burke, (19
Wielsen and Macek (1999); Bedaque, Braaten, and Hammer (2000); Braaten and Hammer (2001,2004); ALY Incao, Suno,
nd Esry, (2004); $Petrov (2003); #Petrov, Salomon, and Shlyapnikov (2004).



Efimov Physics: Universality

Efimov Physics = appearance of an attractive or repulsive
three-body effective interaction ... (|a| = 1)

Near threshold behavior (E < 1/2ua?) :
J. P. D'Incao, B. D. Esry, PRL (2005) valid for all s — wave systems !!!

Relaxation Recombination

a K a >0 a < 0 FE a = [ a < 1

BEBE | 07 | const a’ const | const a’th |ILI-I4ﬂ
1~ k2 n < ied const Kb all al? 272
2 & ] const i e ;-.'r|"“:':'1"':l
BBB’' | 07 | const a const | const G la|?
- L.‘E a— 1.558 Gstint A.'.-E ra“ |”| |.443
ar k2 e const k* a® :fr|2'Hl'r’
FFF’ | 0 const a—3332¢ el i a® |r.' |j'hh"!
5 = A6 & p
| K il (.546 const .lii.‘2 ﬂ.ﬁ” |{Li2'155
r_J--I- A.J ”—l.EI.[F comk J'IL"I “H |”||..._'!-J[;"

E-dep. Esry, Greene, and Suno (2002); AFedichev, Reynolds, and . V. 5I:1l}'i1p:'|':ku'. (1996); Esry, Greene, and Burke, (19
Wielsen and Macek (1999); Bedaque, Braaten, and Hammer (2000); Braaten and Hammer (2001,2004); ALY Incao, Suno,
nd Esry, (2004); $Petrov (2003); #Petrov, Salomon, and Shlyapnikov (2004).
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Efimov Physics = appearance of an attractive or repulsive
three-body effective interaction ... (|a| = 1)
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J. P. D’Incao, B. D. Esry, PRL (2005)

a0 E it == [} a < E =l a o= ()
BB | 07 | const a* const | const a@t® la|*®
| Iln.". i 27 comsd I.'I' |rIII ||’|'Ej vz
-1:!- J."' m 0.447 const J-". .I.I:"-.I. |”52.!-||
= | ! T T
BER"| (] const i consk const al | i1 1
I 4 ] r
| k! a—1-6568 comat b= al afl-443
7 ||-:: i 815 J— .l." “.'-1 |”:'_- 15
e i —5 g : [ fGE
FEF' |0 const o Y e k! a” | |68
= ] Xa L br
l k= s it oSt k* al |ﬂ'|'l'4 "
2 K" T const | i a” Irfil L

E-dep. Esry, Greene, ansd Suno (2002F aFedichey, Reynolds, and G Shlvapnikoy (19%); Esry, Greene, and Burke, (19
Mielsen and Macek (19949 Bedaguee, Brasten, and Hammer (2000); Braaten and Hammer (0120048 A0 Tncan, Sunda,

nd -i-a-::.'_ R0 O Potrow (2003); $FPetroy, Sabiomon, and Shiyapmikoy (2004

Heteronuclear systems: |. I D'Incao, B. D. Esry, PRA(R) (2006)

Multiple species: J. P. D'Incao, B. D. Esry, PRL (2008)
Overlaping resonances: ]. P. D'Incao, B. D. Esry, PRL (2009)
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How does Efimov Physics
affect
Three-body Collisions ?
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... roughly speaking ...
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Intuitive Picture ...

: y ., Efimov states
... roughly speaking ... | .5;3 .
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Intuitive Picture ...

: ‘A .-, Efimov states
... roughly speaking ... | .5;3 .
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Intuitive Picture ...

... roughly speaking ... \
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Three-body Collisions
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Three-body Collisions
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Three-body Collisions

Three-body recombination

B-field

WI(R)
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Three-body Collisions

Three-body recombination
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Three-body Collisions

Three-body recombination

B-field
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Three-body Collisions

Three-body recombination
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Atom-dimer Collisions
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Atom-dimer Collisions
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Atom-dimer Collisions
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Atom-dimer Collisions
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Atom-dimer Exchange reactions

Exchange Reactions
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How does Efimov Physics

extend to
More bodies ?



Some Questions ...
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¢ Geometrical scaling for N>3 ?
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¢ Geometrical scaling for N>3 ?
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Some Questions ...

¢ Geometrical scaling for N>3 ?
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Universal Four-boson States

Universal properties of the properties of the four-body system with large scattering lengths,
Hammer & Platter, Eur. Phys. |. A 32, 113 (2007)

Signatures of universal four-body phenomena and its relation to the Efimov effect
von Stecher, D'Incao, and Greene, Nat. Phys. (2009)
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Universal Four-boson States

Universal properties of the properties of the four-body system with large scattering lengths,
Hammer & Platter, Eur. Phys. |. A 32, 113 (2007)
Signatures of universal four-body phenomena and its relation to the Efimov effect
von Stecher, D'Incao, and Greene, Nat. Phys. (2009)
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Universal Four-boson States

Universal properties of the properties of the four-body system with large scattering lengths,
Hammer & Platter, Eur. Phys. |. A 32, 113 (2007)

Signatures of universal four-body phenomena and its relation to the Efimov effect
von Stecher, D'Incao, and Greene, Nat. Phys. (2009)
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Why : “Universal Four-boson states ?



Hyperspherical four-bosons potentials (1/|a|=0)

[from von Stecher, D'Incao, and Greene, Nat. Phys. (2009)]



Hyperspherical four-bosons potentials (1/|a|=0)

(1 1al=0) [from von Stecher, D'Incao, and Greene, Nat. Phys. (2009)]
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Hyperspherical four-bosons potentials (1/]a|=0)
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Hyperspherical four-bosons potentials (1/|a|=0)

(1 1al=0) [from von Stecher, D'Incao, and Greene, Nat. Phys. (2009)]
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Hyperspherical four-bosons potentials (1/|a|=0)

(1 1al=0) [from von Stecher, D'Incao, and Greene, Nat. Phys. (2009)]
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How about ultracold
four-body collisions ?



Four-boson Universal Besonant Phenomena




Four-boson Universal Besonant Phenomena
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Four-boson Universal Besonant Phenomena
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Four-boson Recombination

Four-body recombination (a < 0) Universal resonances associated with the Efimov trimer,

von Stecher, D'Incao, and Greene, Nature Physics (2009)
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Four-boson Recombination

Four-body recombination (a < 0) Universal resonances associated with the Efimov trimer,
von Stecher, D'Incao, and Greene, Nature Physics (2009)
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Four-boson Recombination

Four-body recombination (a < 0) Universal resonances associated with the Efimov trimer,

von Stecher, D'Incao, and Greene, Nature Physics (2009)
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Four-boson Recombination

Four-body recombination (a < 0) Universal resonances associated with the Efimov trimer,
von Stecher, D'Incao, and Greene, Nature Physics (2009)
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Four-boson Recombination

| | Innsbruck - 133Cs
|8 Scbeciod for a Viewpoinl in Pliysics

FRL 102, 1404401 § 30 PHYSICAL REVIEW LETTERS |.-.“i-|,g Ly ' i 1Moy tr]_m&r

£ e, Nature Physics (2009)

Evidence for Universal Four-Body States Tied to an Efimoy Trimer

E 3 g =
- 1l & #p 1 i i . . K 11 s 1, o, 12 ﬂ-qb.'j - ﬂ.gn ﬂ-::l_b
F. Perlamo, 5, knoop, M. Barminger, W Harm, 1P D¥Iscan,” H.-L Magerl, and B, Cirmim

! Taanpivair Jiie ||.|I|1r.l|r.'.'r.l||'r||'|llI'|| il o Femirann (L LT AT sivail, Dfwiversiadd Mamalerncd, SO fomadrnck, Auntrid
Treupdraad far Chreaideniooril yedd Cvamleminformicaion, Caterrerchoche Abadosie oer Wissenschofteg, GENEP fimeforacd, Aasirig
WAL Ueiversiey of Coforde and NIST, Bawldee Colovads SILICROUEID. 1754
(Receavied 6 March 200FF, published & Aprl 20080

W ropon on the meassnemenl of loa-bedy recombanation mie cocihewenis i an alomic gas, O REIN] ﬂ-i-ll
resulls obtained with an ulracold sample of cesium atoms al negative scalbering lengths show a resonani
enhancement of losses anil providie strong evidence for the exisience of a pair of four-body states, which is

strictly comnected (0 Efimaw trimers vin wniversal relotions, Char findings confirm recent iheoreiicnl ¥
pEcdictions and demonsarnie (he cindhamem of e Edimnw seeniario when & foank Pt be o added o onhe ] ;& o _85[} A.11.
pemenc three-hasly problem [
DR 10 0 DM B L e B, | 40601 PACSE numberic QLTS —B, 2145~ MS0Cy, 6785~ d Kramer et. al, Marure [Iﬂﬂﬁ} |
a allly
o £
= R
& 00 [
§ | 'mt von Stecher, VIncao,
= - and Grenee
=5 Dl 5§ = |
=
; ; = /]
Three- and four-body recombination ... =

| Onks 1 ’

e 200uK

K3'(at) = Ka(a) + n(t)Ky(a) B N

ninsgE I — .
=
I 250nkK
ﬂ I B 'l B
] 05 1 |5 2

—a {1000 a.u.)
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Universal Dimer-dimer resonances




Universal Dimer-dimer resonances

Dimer-dimer scattering ...
Dimer-dimer resonances associated with four-body

universal states: Incao, von Stecher, Greene PRL (2009)
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Universal Dimer-dimer resonances

Dimer-dimer scattering ...
Dimer-dimer resonances associated with four-body

1/a universal states: D'Incao, von Stecher, Greene PRL (2009)
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Universal Dimer-dimer resonances

Dimer-dimer scattering ...

Dimer-dimer resonances associated with four-body
universal states: Incao, von Stecher, Greene PRL (2009)
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Universal Dimer-dimer resonances

Dimer-dimer scattering ...

Dimer-dimer resonances associated with four-body
universal states: Incao, von Stecher, Greene PRL (2009)
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Universal Dimer-dimer resonances

Dimer-dimer scattering ...

Dimer-dimer resonances associated with four-body
universal states: Incao, von Stecher, Greene PRL (2009)
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Universal Dimer-dimer resonances

Are there Efimov trimers amog us ?

Ferlaino, et. al, PRL 2008
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Rearrangement reaction ...

By + By — B34+ B 4+ Eg (= 0)

- high efficiency (98%)
- negligible Erel: trimers remain trapped !

- clear signature: reappearance of atoms !

Dimer-dimer resonances associated with four-body
universal states: Incao, von Stecher, Greene PRL (2009)
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Summary




Summary

The hyperspherical representation offers a “simple” and conceptual
Ypcrsp P P P
picture of properties of weakly bound few-body systems

@ Few-body physics have a practical and fundamental importance :
- losses/lifetime/stability
- Efimov, quantum phases

@® Developed a physical understanding of few-body systems, supported by
models and numerical calculations:
- scattering length,
- temperature effects,
- masses,
- particle symmetry, etc ...
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Dimer-dimer (inelastic) collisions




Dimer-dimer (inelastic) collisions

... energy dependence !?

' Trimer formation !!!

(threshold effects)
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Dimer-dimer (inelastic) collisions

... energy dependence !?

' Trimer formation !!!

« lrimer formatlion

Energy

(threshold effects) (... a simple model )
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Dimer-dimer (inelastic) collisions

... energy dependence !?

1/a
' Trimer formation !!!
(threshold effects) (... a simple model )
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Dimer-dimer (inelastic) collisions

... energy dependence !?

' Trimer formation !!!

(threshold effects)

Energy

E Ferlaino of. al PRL (2008)
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Dimer-dimer (inelastic) collisions

... energy dependence !?

' Trimer formation !!!

(threshold effects)

Energy

E Ferlaino of. al PRL (2008)
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Dimer-dimer (inelastic) collisions

... energy dependence !?

' Trimer formation !!!

(threshold effects)

Energy

E Ferlaino of. al PRL (2008)
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