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But, this falls off slower than R72, still an infinity of states!



%ZZ”& New class of weakly bound systems

Efimov effect
Definition

Inelastic processes

Beyond Let7S compare. .

Efimov

Separable
Non-separable

2?2222 Effect

2?2222 vs Efimov

et o Three bodies with short-range interactions can have an infinity
two-body states
e of three-body bound states even when no two of them are
Four-body Efimov? .
, bound, if |ra—| — 00
0

4

Three bodies with short-range interactions can have an infinity
of three-body bound states even when no two of them are

bound, if |ra—| — 00
0




%ZZ”& New class of weakly bound systems

Efimov effect
Definition

Inelastic processes

Beyond Let7S compare. .

Efimov

Separable
Non-separable

2?2222 Effect

2?2222 vs Efimov

et o Three bodies with short-range interactions can have an infinity
two-body states
e of three-body bound states even when no two of them are
Four-body Efimov? .
, bound, if |ra—| — 00
0

4

Three bodies with short-range interactions can have an infinity
of three-body bound states even when no two of them are

bound, if |ra—| — 00
0




%ZZ”& New class of weakly bound systems

Efimov effect
Definition

Inelastic processes

Beyond Let7S compare. .

Efimov

Separable
Non-separable

2?2222 Effect

2?2222 vs Efimov

et o Three bodies with short-range interactions can have an infinity
two-body states
e of three-body bound states even when no two of them are
Four-body Efimov? .
, bound, if |ra—| — 00
0

4

Three bodies with long-range interactions can have an infinity
of three-body bound states even when no two of them are

bound, if |ra—| — 00
0




%ZZA& New class of weakly bound systems

Efimov effect
Definition

Inelastic processes

Beyond Let’s compare...

Efimov

Separable
Non-separable

2?2222 Effect

222222 vs Efimov . . . . . . .
p— Three bodies with short-range interactions can have an infinity
two-body states

Other symmetries

of three-body bound states even when no two of them are
Four-body Efimov? . | al
bound, if = — o0
0

y

Three bodies with long-range interactions can have an infinity
of three-body bound states even when no two of them are
bound, if a’>0




Three-body spectrum

Efimov effect

Definition

Inelastic processes

Adiabatic hyperspherical

Beyond

Efimov potentials Three-body spectrum
Separable b 10°70 r r .
Non-separable

? ] ]0—60

& ~
two-body states = = 1050
Other symmetries = 0 =
Four-body Efimov? S £ 10740

‘2 ~

=

]0-20
2
10* 10° 10710 2 3 6 g
R/r, n
VBIn(R/rg)+ 6
UR)=-——F7———

2uR?

Ent1 /B = exp| -
[ E2 - S yt/2 4712



Three-body spectrum

Efimov effect
Definition

Inelastic processes

Beyond
Efimov
Separable

Non-separable

two-body states
Other symmetries

Four-body Efimov?




Three-body spectrum

Efimov effect
Definition

Inelastic processes

Beyond

Efimov
Separable
Non-separable

2?2222 Effect

Deeply-bound
two-body states

Other symmetries

Four-body Efimov?

(a2)l/5

2
ase+1/4 )

i 2+ > (L+1)
A= —0"+— —
2UR? eff 3 12

Uv - Evl -



Efimov effect
Definition

Inelastic processes

Beyond

Efimov
Separable
Non-separable

2?2222 Effect

Deeply-bound
two-body states

Other symmetries

Four-body Efimov?

Three-body spectrum

-E, (B0

1070k

L o=al=-0.007

0 (02)

aZ;+1/4

U, —E,;— 2“'R2

8 5
2 _ 2
eff—ga +ﬁ—£(£+1)

a

2 o,
azy always supercritical!



Three-body spectrum

U Compare again...

Definition

Inelastic processes

Beyond
Efimov 1020F
Separable
Non-separable
2222?22 Effect

2?2222 vs Efimov

10-'\0 L

Deeply-bound
two-body states

-En (h*ury)

1L eP=ai=-0.007

Other symmetries

0
Four-body Efimov?

(a2)1/5

a<0 Energy a>0
O 00 B+B+B O 00 1/a

J

B;+B
o C

BE

Ferlaino and Grimm, Physics 3, 9 (2010)

V. Efimov, Phys. Lett. B 33, 563 (1970)



Three-body spectrum

Efimov effect

Definiti

Inelastic processes

Beyond
Efimov

Deeply-bound
two-body states

Other symmetries

Four-body Efimov?

(a2) 1/5

, 3 5
aD=§€(€+1)—§



gﬁ"& Other symmetries?

Efimov effect
Definition

Inelastic processes

Beyond

Efimoy Effect exists for 0" bosons, what else?
Separable

Non-separable
2?2222 Effect
2?2222 vs Efimov

Deeply-bound
two-body states

Other symmetries
Four-body Efimov?



Other symmetries?

Efimov effect
Definition

Inelastic processes

Beyond

Efimoy Effect exists for 0T bosons, what else?
Separable

Non-separable
|  We checked 1" identical, spin-polarized fermions...

Deeply-bound
two-body states

Other symmetries
Four-body Efimov?



Other symmetries?

Efimov effect
Definition

Inelastic processes

Beyond

Fimov Effect exists for 01 bosons, what else?
Separable

Non-separable
2?2222 Effect

i We checked 17 identical, spin-polarized fermions...

Deeply-bound

e No Efimov effect...

Other symmetries
Four-body Efimov?



Other symmetries?

Efimov effect
Definition

Inelastic processes

Beyond
Efimov

Effect exists for 0" bosons, what else?

Separable

Non-separable

i We checked 17 identical, spin-polarized fermions...

Deeply-bound

two-body states No Efimov effect...

Other symmetries
Four-body Efimov?

Consider effective two-body potential for r > r

2 1
@ty W+

Veff(r) = - 2.“,7’2 2‘U,T'2

For identical fermions £=1, a?=2 is critical



Efimov effect
Definition

Inelastic processes

Beyond
Efimov
Separable
Non-separable
222222 vs Efimov

Deeply-bound
two-body states

Other symmetries

Four-body Efimov?

empirically

with

Solve for adiabatic hyperspherical potentials with a? < 2, find

2
UO(R)—>—aeff+ 1/4_ Y
2uR? 2uIn(R/rq)R?
aZe=524 y=419



Efimov effect
Definition

Inelastic processes

Beyond
Efimov
Separable
Non-separable
222222 vs Efimov

Deeply-bound
two-body states

Other symmetries
Four-body Efimov?

Solve for adiabatic hyperspherical potentials with a? < 2, find
empirically

agff+ 1/4 Y

Uo(R) = — -
o(R) 2uR? 2uln(R/ro)R?

with

aZe=524 y=419

asz supercritical! An infinity of three-body 17 fermion bound
states with no two-body bound states




Solve for adiabatic hyperspherical potentials with a? < 2, find
sssssss empirically

2
as.+1/4
Up(R) = ——= Ll L
2uR> 2uln(R/ry)R?
_ with
. 2. =524 y=419

Four-body Efimov?

asz supercritical! An infinity of three-body 17 fermion bound
states with no two-body bound states

Effect persists down to af=1.6, where

1.6-2+2 0.15
4 !

)=~ =45

2ur




Four-body ?????? Effect

week ending

Efimov effect PRL 105, 223201 (2010) PHYSICAL REVIEW LETTERS 26 NOVEMBER 2010

Definition

Inelastic processes

Four-Body Efimov Effect for Three Fermions and a Lighter Particle

Beyond

Efimov Yvan Castin," Christophe Mora,? and Ludovic Pri(:oupenku3
Separable
Non-separable

Found that for 1 FFEX and agy = oo, there is an Efimov effect
for 13.384<mjy/mx<13.607:

two-body states

Other symmetries

Four-body Efimov? 52 aF 1 / 4

0.9
0.8
0.7
0.6

0.4
0.3
0.2
0.1

ole

S
L L B s
?

1 1 1 1 1 1
13.4 13.44 13.48 13.52 13.56 13.6
o=M/m



ity How does this relate to our three-body effect?!

Definition

Inelastic processes

Beyond
Efimov
Separable
-separable
222222 vs Efimov

Deeply-bound
two-body states

Other symmetries

Four-body Efimov?



Efimov effect

Definition

How does this relate to our three-body effect?!
Be)l'ond Consider FFFX with my > my. Can approximately solve using
Efimoy Born-Oppenheimer:

o Integrate out light particle (X) motion
i @ Produces effective potential for heavy particle (F) motion

two-body states

_ @ Reduces problem to three-body: FFF!

Separable
Non-separable

Four-body Efimov?



How does this relate to our three-body effect?!

ssssssss

Consider FFFX with mp > my. Can approximately solve using
Born-Oppenheimer:
o Integrate out light particle (X) motion
@ Produces effective potential for heavy particle (F) motion
@ Reduces problem to three-body: FFF!

Other symmetries
Four-body Efimov?

For simplicity, approximate FFF Born-Oppenheimer surface with
pairwise sum of FFX potentials... which are, for azy = oo,
Efimov potentials:

2
pg+1/4
V() = — W (}(
,,,,,,,,, =1
a’?+1/4 L(L+1) e
— + 0.01 1 100
2ur? 2ur? 8 = mylmy



Lt This is exactly our three-body fermion effect!
Definition

e We thus know
Beyond 2
Efimov

Separable Uo(R) — — ol

Non-separable

2uR?2  2uln(R/r)R2

2?2222 vs Efimov

Deeply-bound
two-body states

Other symmetries

Four-body Efimov?



Lt This is exactly our three-body fermion effect!

W We thus know

Beyond 2

Efimov aeff + 1/4

Separable U, (R) — -
0 2

—— 2uR

2?2222 vs Efimov

Deeply-bound
two-body states

Other symmetries

Four-body Efimov?



Lt This is exactly our three-body fermion effect!
sssssss We thus know

ag_ff+ 1/4

Up(R =
0( )_> ZMRZ

Deeply ind

We found an infinity of three-body states for

eply-
two-body states

Other symmetries
Four-body Efimov?

1.6<a*<2
corresponding to

(13.384 <myp/my < 13.607)



This is exactly our three-body fermion effect!
sssssss We thus know

2
a’.+1/4
Uo(R) — eff 5
2UR
Sl We found an infinity of three-body states for
Other symmetries
Four-body Efimov? 1. 6 S az S 2

corresponding to

11.58 <mjy/my < 13.607
(13.384 <myp/my < 13.607)

states than Efimov states




Summary

Efimov effect
Definition

Inelastic processes

Beyond
Efimov
Separable

Non-separable

2?2222 vs Efimov

Deeply-bound
two-body states

Other symmetries
Four-body Efimov?

@ We have identified an effect that gives an infinity of
three-body bound states in the absence of any two-body
bound states — that is not the Efimov effect

@ There are an infinity of such states even in the presence of
two-body bound states

@ Curious new “fall-to-the-center” problem

@ Many other interesting questions to explore with these
systems!

@ “A new class of three-body states,”
N. Guevara, Y. Wang, and B.D. Esry,
arXiv:1110.0476
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