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WEAKLY-BOUND STATES OF THREE RESONANTLY-INTERACTING PARTICLES

Tosssssa, w70 m pocrazonmoi
SACTHU BOUNEKSET CiMeRcTso cana
ncex cocoRENf ogmATON

It is shown that If the pair forces of three identical particles are sufficlently resonant, a family of
bound states of low energy is produced. The quantum sumbers of all the states are the same: for
/,. The dimension of the states is larger than the
conditions for the appearance of a family of levels
fal bosons; the conditions are less favorable for charged particles
spin. The possibility of existence of such levels in & system of three
fad of three nucleons (H) is considered.
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FIG. 1. Level spectrum of three
spinless neutral particles. The cross
hatching denotes the boundary of the
continuous spectrum of the three par-
ticles. Neighboring level trajectories
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hat you will here in this lecture
ultracold.atoms ultracold.atoms

1. three-body
recombination > Efimov states
(in cesium)

IV. universal
four-body states

More on two-body physics
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one parameter tells you everything!

Chin et al., Rev. Mod. Phys. 82, 1225 (2010)
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Feshbach physics in universal range

u(r)

closed channel

bare
states — @0

entrance channel

Feshbach physics in universal range

u(r)

effectively a single channel

— 0

resonance Strength

see review on Feshbach resonances
Chin et al., Rev. Mod. Phys. 82, 1225 (2010)

mean scattering length differential
of vdW potential magnetic moment

m\ﬁ /

Spos = 7T Ot apg A
i}

strength
parameter

relation to

Petrov parameter
entrance-channel dominated character (s,s >>1)
usually found for FRs with

« large background scattering length

* large width

R* = ﬁ/ﬁ'@n‘

Feshbach physics in universal range

u()
dressed r_ closed channel
G—
FeShb'aCh saes . entrance channel
coupling

“broad” Feshbach resonances

large universal range found for
“entrance-channel dominated resonances”
(often referred to as “broad” resonances)

what kind of resonances are strong (“broad”) ?

magnetic tunability of Cs

three broad s-wave FRs
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plus many d- and g-wave FRs (not shown)




. Three-body recombination

elementary v{nﬁ
process L4
b dimer + free atom

three atoms
0@

consequences for trapped ultracold gas
large E, / U"ap (for negative and moderately pos. scatt. length)

— immediate loss of recombination products

small Eb / U"ﬁp (for large positive scattering length !)

— special situation . o
dimer remains in trap,

atom remains in trap, but lost by inelastic collisions
deposits energy into sample with atoms
- »

ree-body recomb. theory basics

ultracold.atoms
b 7

L3: three-body loss coefficient [cm®/s]

dimensional analysis
Lg == 3 C ;
7

e
dimensionless

a*- scaling !
very strong
dependence on
scattering length

n

valid if a exceeds all other length scales
(vdW length of molecular potential, typ. 30 — 100a,)

early theory paper:
Fedichev et al., PRL 77, 2921 (1996)
a“ scaling with C = 3.9 \

loss and heating curves three-body loss vs. magnetic field
aCcol0 glome
Weber et al., 8 1800 Weber et al.,
108 650 5 PRL 91,123201 o 1700 PRL 91,123201
5 3 (2003) 7 (2003)
£ 600 3 AE 1500 1700
5 5 & g
2 550 & = | S L
§ 5 3 g5 . 1600 verification of
g 500 5 000 g
10° | P 4502 LA e e} s s { 1500 % general a*-scaling
0 100 200 300 O 100 200 300 e 1400 &
time (s) time (s) » i < h
i - 1200 L; = at
FIG. 2. Atom number and temperature as a function of time 1 i i ; - m
in the trap at a bias field of 56 G. The solid lines show a . 000
numerical fit to the data. The corresponding three-body loss 0 0
coefficient is Ly = 7(2) X 1072 cm®/s. 10 25 50 5 100 125 150
B(G)
N NA(T +T,) FIG. 3. Measured values of Ly as a function of the bias field
dN dr AT+ Ty B. Filled symbols represent measurements taken at an initial oA
— = —aN - Y3 — =Y a3 3 temperature of 200 nK. open symbols at 450 nK. The solid line fit er|dS 225
dt T- dt T 3 shows the calculation according to Eq. (1) with m,C = 225. The (too large ?)

scale on the right-hand side displays the corresponding scatter-
ing length values. The inset shows the region around the 48 G
resonance with a model fit (see text).

measured N(t) and T(t) — 3-parameter fit yields a, y~Ls, T},




is a*-scaling the whole story?

n, — number of atoms lost
per recombination event

often n=3, but not always!

can vary between 2 and 4,
in some special cases even larger

v
Ly=nC—a'
m

dimensionless, but not necessarily constant !
C(a) reveals very interesting physics

Nielsen & Macek, PRL 83, 1566 (1999)
Esty etal., PRL 83, 1751 (1999)

Bedaqgue et al., PRL 85, 908 (2000)
Braaten & Hammer, PRL 87, 160407 (2001)

effective field theory for C(a)

valid for large |a|

a>0:
Cla) upper limit~70

acold atone

Braaten and Hammer, Phys. Rep. 428, 259 (2006)

loss into shallow dimer

-2!7* 2 — T
C(a)=67.1e "(cos’ (s0 In(aA,) +1.76) +sinh? .)

)
+168(1-¢ )

45905sinh(27.)

C(a)=
@ sin? (s0 In(|a| A,)+1.72) +sinh? 7.

™~

c@ !

very interesting !!!

c(a) 2x10*

loss into deeply bound molecules

very interesting !!!

3x10* T

1x10*

C(22.7 a) = C(a)

three-body physics shows
log-periodic behavior with a
discrete scaling factor of 22.7

smells as if there is something interesting behind it !

Ill. Efimov states

SOVIET JOURNAL OF NUCLEAR PHYSICS

VOLUME 12, NUMBER 5

WEAKLY-BOUND STATES OF THREE RESONANTLY-INTERACTING PARTICLES

V. N. EFIMOV

A. F. Ioffe Physico-technical Institute, USSR Academy of Sciences

Submitted February 16, 1570

Yad, Fiz. 12, 1080-1081 (November, 1070)

It is shown that If the pair forces of three identical particles are sufficiently resonant, a family of
bound states of low energy is

roduced. The quantum sumbers of all the states are the same: for
leons ¥y, T = % The dimension of the states is larger than the
most favorable conditions for the appearance of a family of levels
b1 bosons: the conditions are less favorable for charged particles
spin. The possibility of existence of such levels in & system of three
fand of three nucleons (H) is considercd.

MAY, 1871

log-periodic behavior acoldat.

FIG. 1. Level spectrum of thees reter
spinless neutral particles. The cross H
hatching denotes the boundary of the

continuous spectrum of the thrce par- i 22

ticles. Neighboring level trajectories
differ only in a scale transformation
by an approximare factor of 22. For
clarity, this ratio is not maintained in
the figure.
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a<0 energy a>0
t 1/a
r F Ny [ X X ]
=
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even morg weakly
bound trimer

e

weakly| bound trimer

x(22.7)2

infinite series of weakly bound trimer states

for resonant two-body interaction
LEfimov states"




Efimov states: striking properties |

a<o0 energy a>0
4k

Borromean region
trimers without
pairwise binding

R ——————
Efimov states: striking properties Il At

a<o0 energy a>0
1/a

trimers disappea
with increasing
binding strengths

search for Efimov states in He (1994-2005)

ters. This large enhancement is of consid-
erable interest in connection with the ques-
tion of the existence of Efimov states. In
1970, Efimov (19} first predicred thart three
hosons will have an infinire number of spe-
cial long-range bound states, which are now
called Efimov states, in the limir thar the
iwo-bodv interaction approaches zero bind.

Nondestructive Mass Selection
of Small van der Waals Clusters
Wieland Schélikopt and J. Peter Toannies

Hoy~ Scanering Transmissicn
souta chamber gatng

Borromean rings
(symbol of Borromeo family, Northern Italy)

Efimov states: striking properties IlI

a<o energy a>0

infinite series
of states

Efimov reso

a<o energy a>0
4

ing encrgy. So far, Efimov states have not
been found in auclear systems, bur there is
now some evidence that they may exist for
He; because of the very weak binding en-
ergy of He A n=g Al

e
T Fos1506ar

N

2005:
inconclusive ensd.
o

{
|
5
2 |
fcroscope 5
plotura

Fig. 1. Schematic diagram of the apparatus used for diffaction of tha different somponents 1 a He
cluster beam, Only e vacuum system containing the ionizer is ndicated, BF designates e beam fiag
macl

that intarcapts the incident baam in in ts. The inset shows
a scanning electron microscope pleture of the grating sed (16, 11).
SCIENCE = VOL, 266 + 25 NOVEMBER 1004 1345 R R

three atoms couple to an Efimov trimer:
Jtriatomic Efimov resonance™

resonance scenarios predicted in
Sov. J. Nucl. Phys. 29, 546 (1979)




Efimov reso

magnetic tunability of Cs

a<o0 energy a>0
A

1/a
r [ X X ] 3000

2000

—
1000 /

three atoms couple to an Efimov trimer:
Jriatomic Efimov resonance"

strongly enhanced three-body recombination
in_ultracold atomic gas

scattering length (a,)

0
\‘\ -1000
-2000 T T
0 50G 100 G 150 G
magnetic field (G)

resonance scenarios predicted in
Sov. J. Nucl. Phys. 29, 546 (1979)

there shouldfbe an Efimoyv resenance!

exp. results (2005) ! temperature limitation
aCcol0 dloms aCco dlon
maximum recombination length p max o, 2 A
Efimovlesonance temperature-limited E
D'Incao, Suno, Esry, thermal de Broglie A — p 1/27[.mk T
} PRL 93, 123201 (2004) wavelength / g
‘\
T=10nK t ' H B ‘
Fosg RS 4 1onk |observation of next Efimov
F L £ resonance would require
g os 4t~ Braaten-Hammer £ T < 250nK / 22.7%2 ~ 500pK
2500k Sl T*efoly/yz30a =008 limit for _ £
§os \ A=1/2302 mP=0. . 250nK %
0.2 §
-2000 -1500 -1000 -500 1] 500 1000 1500 2000
scaltering length (a )

-2000 -1500 -1000 -500 0 500 1000 1500 2000

Kraemer et al., Nature 440, 315 (2006) e ey
__________________________________________________________________________|

I ———
exp. results (2009 ,

Efimov-related minimum

Bar llan (2009)
Rice (2009)
1.2
4
= 1 !
T=10nK % ++
2 fe .4t
Bo8 "*-—.1‘;‘} 1
: § ™ B o
306 1§t~ Braaten-Hammer o ,
] & " theory / -
2 A TR - -
000K £ 0. A, A*=1/2302, 1+=0.08 ER }A/s» it 1 more observations in
£ H other systems:
0.2 =3 . .
S o1 ] Boulder (2012) - SLi 3-fermion system
. o (Heidelberg, Penn State, Tokyo)
-2000 -1500 -1000 -500 "] 500 1000 1500 2000 5 W e . .
scattaring length (a,) oot o o Rb-K bosonic mixture
scatlering length a (a,) (Florence)

Kraemer et al., Nature 440, 315 (2006)
|




3%K experiments in Florence

discrete scaling invariance observed !
x 22.7

1075]

X emé s

- H v
1o T !
j i ! 10
A . ! 27
108 | 5 i 10

e s

= = o g
Seattering length a (a,)

g

Zaccanti et al., Nature Phys. 5, 586 (2009)

three-body parameter

where does the series start?

magnetic tunability of Cs (high-field range)

three broad s-wave FRs

~ 6000 T T T T ]

S

@ 4000 4

=

© 2000

[=

2 0

g 2000 _, ; 4 ;

g three broad resonances in same spin channel: | ]

3 ~4000 |- is the three-body parameter constant ? 1
-6000 |- 1 1 ] 1 1 J 1 1 ]

0 200 400 600 800 1000

magnetic field (G)

1200 1400

variations of the three-body parameter?

rec. length o, (10°a)

2 E] 0 2 A
scattering length (10°a,)

can this be an accidental coincidence?

rec. length o, (10°a)

-2 -1 o -2 -1
scattering length (10°a,)

very small, if any!

AE"D“‘ 5533 G 7
£ 002 ]

5547G 853.1 @
000 = = = = e e e e e = e = = = - - - —

one tenth of
Efimov period

strongly entrance-channel dominated FRs

experiments on 6Li, 7Li, 85Rb, 133Cs show

- L 2uC A\
a ~-9 Ryw Ruaw = g(ﬁ—
25 w0 { van der Waals
K length
20
z
3 15t
= s Li L “Rb
T 0 iR o
@ YT s N4
5l
Chin, arXiv:1111.1484 (2011)

only 39K does not fit into the picture...
... quite interesting, indeed!



three answers from theory conclusions on 3BP
dCcold dloms acold dlons

Chin, arXiv:1111.1484 analytical model: ) )
“quantum reflection of the Efimov wavefunction” |al/Ryqw = 9.48 “3BP unlversallty”

Wang, D‘Incao, Esry, Greene,

! exists for interacting atoms with vdW potentials
arXiv:1201.1176

(not for other particles, like nuclei)
and entrance-channel dominated resonances (*33Cs, 8°Rb)

5L b o=

“A sharp cliff of attraction in the two-body :
interactions produces a strongly repulsive | & [ ¢ g
universal barrier in the effective three-body | [ 5= e e 5T
interaction potential.” .

R situation of intermediate cases (K, 7Li) still

Schmidt, Rath, Zwerger, r - T needs more investigations
arXiv:1201.4310 "

solution of a two-channel model incl.
character of the Feshbach resonance | :"" T i
(open vs. close-channel dominated) g | e

Efimov resonances

atom-dimer “Efimov” resonance

aco d 0
a<0 energy a>0
1/a T ——— T . .
-2
w L‘
# 10 £ )i_;
three atoms couple to an — 2 ST
Efimov trimer: T = Lagd Cw
"’E 10 20 30 40
Jtriatomic Efimov resonance" > S B X 170nK|
one atom and a dimer couple to an - 40 NK
= n

Efimov trimer:

Pyl
.atom-dimer Efimov resonance" 10"k % l '

5 10 05 00
! a (1,000 a )

resonance scenarios predicted in >
Sov. J. Nucl. Phys. 29, 546 (1979) Knoop et al., Nature Phys. 5, 227 (2009)

w insights from theory

Hammer and Platter, EPJA 32,113 (2007)

conjecture of two universal four-body states
attached to an Efimov state

von Stecher, D'Incao, and Greene
Nature Phys. 5, 417 (2009)

confirmation and extension of Hammer-Platter
conjecture

prediction of universal relations

suggesting 4-body recombination as a probe




extended Efimov scenario (4 bosons)

a<0 Energy a>0

A+A+A+A 1/a

D+A+A

Efimov states and universal 4-body states
Hammer and Platter, EPJA (2007)

von Stecher, D‘Incao, and Greene, Nature Phxs. ‘2009i

where do the 4-body resonances occur?

http:/Aww.musik-base.de/images/
groups/Alpentrio-Tirol.jpg

| Ppsiifio il -

http:/Awww.volksmusikfan.com/var/.../Alpentrio-Tirol_fullscreen.jpg

universal predictions

# * * *
ay ~0.43a,,, and  a,,, = 0.904a,, .

von Stecher, DIncao, Greene, Nature Phys. 5, 417 (2009)

=375 a, -783 a,

expectations for Cs
(3-body resonance at -870(20) a,)

new set of experiments

dCcold dloms
prepare sample very close to BEC Ferlaino et al., PRL 102, 140401 (2009)
T =50nK, hold time 250ms
10 ——————————

loss fraction
o
=

0.2

0.0

L L L
0 -200 -400 -600 -800 -1000

scattering length (a,)

exp. results revisited by C. Greene et al. (2008

Efimov[esonance

1.2
4
T=10nK ' u‘
e gl
g Tt i “'., there seems to be
£as .y alitlebump!
5 A
200nK £ |* L
0.2

1]
-2000 -1500 -1000 -500 O 500 1000 1500 2000
scaltering length (a,)

Kraemer et al., Nature 440, 315 (2006)

new set of experiments
aCcol0 dlome

prepare sample very close to BEC Ferlaino et al., PRL 102, 140401 (2009)
T = 50nK, hold time 250ms T =30nK, hold time 8ms
10— r T

(a) (b)

loss fraction

h L 1 L L L 0.1 1
0 <200 -400 -600 -800 -1000 -650 -700 -750 -800 -850

scattering length (a,) scattering length (a,)

10



three- or four-body loss ?

atom number (10°)
o

0 250 500 O 500 1000 0 500 1000
time (ms)

—
triatomic reson. Energy a>0
Innsbruck 2006
< l A+A+A+A Lja

N ;

dimer-dimer reson.

four-atom resonances
Innsbruck 2009

not yet seen ! +A+A
\ atom-dimer reson.
\ Innsbruck 2006-09
N —
T+A
== +D
etra? e — — loss minimum ??
Tetral — Innsbru‘il.( 2008
~

Efimov states and universal 4-body states
as predicted by Hammer and Platter, EPJD (2007),
von Stecher, D'Incao, and Greene, Nature Phys. (2009)
|
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prediction of bosonic cluster states

J. von Stecher, JPB 43, 101002 (2010) Sy SEie

(expt. confirmed, 2005)

universal four-body state

(expt. confirmed, 2009)
4 NL3
only
-3 ground
-10 states
shown

Enp/|ES,|
I
=

loss?

1/ a)

o
©

8 5 4 ”.o"' 3
S 00000000°'°....
= oob=—2*

0.0 e e
« =10
D
T
9 20

-3.0

-3.0

1/(xa)

o'y
i R
A

- 0.01 L L
-200 =300 -400 -500 -200 -300 -400 -500
scattering length @ (a,)

5-body recombination

Resonant Five-Body Recombination in an Ultracold Gas

A. Zenesini. B. Huang. M. Berninger. S. Besler. H.-C. Nigerl. F. Ferlaino. and R. Grimm
Institut fiir Experimentaiphysik and Zentrum fiir Quantenphysik, Universitdt Innsbruck, and
Institut fiir Q und Q1 U . O he Akademie der 6020 Innsbruck, Austria

Chris H. Greene and J. von Stecher” arXiv:1205.1921

Department of Physics and JILA, University of Colorado, Boulder, CO 80309, USA
(Dated: May 10, 2012)

We combine theory and o zate five-body in an ultracold gas of atomic ce-
sium. A refined theoretical model, in combination with extensive laboratory tunability of the scattering length.
enables the five-body resonant recombination rate to be calculated and measured. The position of the new ob-
served recombination maximum agrees with a recent theoretical prediction and strongly supports the prediction
of a family of universal cluster states tied to an Efimov trimer

very challenging for both theory and experiment

N>4 not tractable with standard numerical tools

background from 3- and 4-body processes

loss rate equatio

sum of all losses (L,=L,=0)

B +DG T
NN == L"),
N=I1

- +°’3 '
T/T=" evLy(m" 1),
N=1

anti-evaporation heating
2en=1-1/N

our expt. L,;=L,=0, L, from eff. field theory

" observations in Cs
enough confidence g 2009
to trust in theory 2012 2005/6

N=8 N=7 N N=5 N=4 N=3
O g
Tl ] TR e
S R
: el T
ol T T
O e N
= —15F | b ]
= ] I [ [N
B | R
K20 | N
: N
st | I N
: : AN
_3pbt L L Lt
-6 -5 -4 -3 -2 -l 0
1/(Kg @)
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ultracold.atoms

reduced dimensionality
(optical lattices)

heteronuclear
mixtures

—>
mixed-D

some new directions

strong dipolar interactions

extreme heavy-light mixtures

three bosons: Efimov factor 22.7

two bosons and .
. a boson/fermion EimoV factor ~4

very interesting for experimental realizations:
mixtures of Li with lanthanides (Er,Dy...)

Iy
H two fermions and
. a boson/fermion

Efimov factor ~8

first step into low-D

1D lattice i f

ree space

recombination lenge 4, {10°3,)
e

strong
confinement-induced
shift observed !
; 1D lattice
& o

lattice depth 35E, .
harm. osc. length a;,, = 1350 a, B T

scattering lengtha (10%3,)

Innsbruck few-body team

Martin G '

Berningej lessandro Hanns-
‘ Zenesini Christoph

Nager|
Bo Huang,
L)

l il Stefan Besler Francesca Ferlaino
|5

g ., Thank you for your attention !

!Z!’I" \ ’
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