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| am (we are) interested In
physics In the unitarity limit
(@—o)

Why interesting 7



» Strongest interaction

= nontrivial phenomena
= challenging problems (unitary Fermi gas)

- Scale invariance

= constrain properties of unitary Fermi gas
= Efimov effect for bosons

» Universality
= atomic, condensed matter, nuclear phsics



Physics at unitarity

» Strong interaction
» Scale invariance
- Universality

Are there other
such interesting
systems ?

Does the unitarity physics
(unitary Fermi gas & Efimov effect)

exist in other than d=3 ?



Efimov effect
beyond 3D



Efimov effect

; When 2 bosons interact with infinite “a”,
3 bosons always form a series of bound states
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Efimov effect

When 2 bosons interact with infinite “a”,
3 bosons always form a series of bound states
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Discrete scaling symmetry
RG limit cycle (K. Wilson 1971, P. Bedaque et al. 1999)



Efimov effect
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When 2 bosons interact with infinite “a”,

3 bosons always form a series of bound statesJ

Exchange of a light particle

Scale invariance

Effective potential
between heavy particles
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Quantum anomaly
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Efimov effect (discrete scale invariance)
E,11/FE, = const



Efimov effect in D3 7

PHYSICAL REVIEW A VOLUME 19, NUMBER 2 | FEBRUARY 1979

Binding of three identical bosons in two dimensions

L. W. Bruch* and J. A. Tjon

Instituut voor Theoretische Fysica, Rijksuniversiteit Utrecht, Utrecht, The Netherlands
' (Received 11 August 1978)

Qualitative features are discussed for the binding of three identical bosons interacting through pair
potentials in two dimensions. Two special cases, known to yield pathologies in three dimensions, are
examined using the Faddeev equation for the bound ‘states. The Thomas effect does not occur: in the model
which is treated, the trimer binding energy is finite for a zero-range force with a finite dimer energy. The

PHYSICAL REVIEW B VOLUME 22, NUMBER 3 ' 1 AUGUST 1980

( Nonexistence of the Efimov effect in two dimensions )

T. K. Lim

Department of Phyvsics and Atmospheric Science. Drexel Univeristy, Philadelphia. Pennsvivania 19104

P. A. Maurone
Department of Physics, Villanova Universitv. Villanova. Pennsyvivania
(Received 17 March 1980)

Using the method first employed by Efimov for three bosons in three dimensions. we have
found that the pathological condition discovered by him does not occur in two dimensions.




Efimov effect in D3 7

] 2 5 4.
i i : : > D

No Efimov effect Efimov effect (2.3<d<3.8)

Nielsen et al., Phys. Rept. (2001)

“3 spatial dimensions” are not essential
e but “3 relative coordinates” are essential |
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Family of universal systems

pure 3D
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2D-2D mixture
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2D-3D mixture
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1D-2D mixture
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Y. N. & S. Tan
PRL 101 (2008)

1D0-3D mixture
o
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1+3-1=3

1D-1D-1D mixture

1+1+01-0=3
pure 1D

e 0 0 ¢

1+1+1+1-1=3

( New fields of universal few-body & many-body physics J




Efimov effect “beyond” 3D ... .0

2D-3D mixture
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Liberation of Efimov physics (1970~) from 3D !l!



Efimov effect “beyond” 3D

Y.N. &S. Tan (2011)

B
@ o L3
® e ® ® e &
A A
. 2 3D 2D 1D
@
boson
- { ezl o o
o @ fermion 13.6 28.5 155
boson
o { g e o
® fermion 6.35 11.0 X
boson
. 2 i { ©) @ =
- - fermion 2.06 X
A = bosons : Efimov effect occurs for any mass ratio ma/ms

A = fermions : Efimov effect occurs above a critical ma/ms



Efimov effect “beyond” 3D ., ... con)
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A = bosons : Efimov effect occurs for any mass ratio ma/ms
A = fermions : Efimov effect occurs above a critical ma/ms



Y.N. & S. Tan

Implication for 40K-6Li mixture ... o0

5 experimental groups (MIT, Amsterdam, Paris, Munich, Innsbruck)

study Fermi-Fermi mixture of A=K & B=°L|

critical ma/ms
Z ¢
T 13.6in pure 3D ® ®
@
mk/mui = 6.67 o
+ 6.35in 2D-3D o
+ 2.06in 1D0-3D e P

Confinement induces the Efimov effect !!!



Implication for 40K-6Li mixture

Ongoing experiment by the Amsterdam group

( Towards Fermi-Fermi Systems in Mixed Dimensions )

Frederik M. Spiegelhalder

EEEEEN

H | 1] | H ‘ | Email: f.m.spiegelhalder@uva.nl

Antje Ludewig, Tobias Tiecke
and Jook Walraven

Van der Waals-Zeeman Instituut, Universiteit van Amstedam
Valckenierstraat 65, NL-1018 XE Amsterdam

Fermi-Fermi systems, in particular the °Li-*YK system, are attracting more and
more attention with several experiments running and more being currently set up
worldwide. We are now beginning to understand well the basic scattering proper-
ties of the Li-K system. Several interspecies Feshbach resonances have been found
and characterized [1, 2|. Heteronuclear molecules have been created at several
interspecies resonances [3, 4]. But still many effects that are only observable in a
mixture of different species have not been observed yet. One significant difference
to the single-species experiments is the possibility to apply species-specific optical
trapping potentials [5]. Several theoretical proposals suggest that by confining

6 September 2010
ok gl (Tyrol), Austria
¥ www.iqogi:at/euroquam2010 one species using species-selective optical lattices, interesting new phases could be

realized [7]. For example one could confine K in a one-dimensional optical lattice
and thus create a mixed-dimensional system, where K is confined to two dimen-

T sions with Li being confined in 3D. A long-lived|universal trimer statelis expected
I@I gmemce to be observed in such a system [6|]. Here we present our recent experimental

OUNDRTION . . . . . o .

s A ‘ efforts towards realization of a quasi two-dimensional trap for K immersed in a

three-dimensional Li gas.

[1] Wille et al. Phys. Rev. Lett. 100 (2008) 053201
[2] Tiecke et al. Phys. Rev. Lett. 104 (2010) 053202
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3-body recombination rate ... o
3-body recombination (A+A+B->A+AB) results in atom losses
WA —2an?4n3
Its rate constant a has the characteristic log-periodic behaviors
with the scaling factor A=22.0 for A=%%K in 1D & B=°Li in 3D
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[If observed, the first evidence of the Efimov effect of fermions !!! ]




Experimental realization
of mixed dimensions



First experiment @ Florence

Bose-Bose mixture of A=K in 2D & B=8’Rb in 3D

week ending

PRL 104, 153202 (2010) PHYSICAL REVIEW LETTERS 16 APRIL 2010

( Scattering in Mixed Dimensions with Ultracold Gases )

G. Lamporesi,' J. Catani,"* G. Barontini,’ Y. Nishida,> M. Inguscio,"* and F. Minardi'+

' LENS—European Laboratory for Nonlinear Spectroscopy and Dipartimento di Fisica, Universita di Firenze,
via Nello Carrara 1, 1-50019 Sesto Fiorentino, Italy
2Istituto Nazionale di Ottica (INO)-CNR, via Giovanni Sansone 1, I-50019 Sesto Fiorentino, Italy

Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
(Received 26 January 2010; published 14 April 2010)
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First experiment @ Florence
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Multiple resonances in mixed D

3D scattering length a (ao)

6000 -
4000 -
2000 -

B e s e e
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— 4000
~ 6000
38.4G

A=41K in 2D & B=8’Rb in 3D

Y. N. & S. fan
PRA 79 (2010)
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X scattering threshold



http://arXiv.org/find/hep-ph/1/au:+Cavaglia_M/0/1/0/all/0/1
http://arXiv.org/find/hep-ph/1/au:+Cavaglia_M/0/1/0/all/0/1
http://arXiv.org/find/hep-ph/1/au:+Cavaglia_M/0/1/0/all/0/1
http://arXiv.org/find/hep-ph/1/au:+Cavaglia_M/0/1/0/all/0/1

Multiple resonances in mixed D

Y. N & S Tarl
PRA 79 (2010)
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Multiple resonances in mixed D

3D scattering length a (ao) 50 ;
25 £
6000 - : :
: 20 F .
4000 - : .
5 R LY ;
o = 10k o
B — F Confinement—g
F 10 20 30 40 60 St 8'1. N TR [ I W I P L
2000 - 230 pr—rm T
: Z - S e ow C o ;
—4000 - + ¢F ! | 2 3
I X - 2 ?}
6000 < 20: @ 3
effective scattering length € '°F '
g g E 10k weak
. . - - . .
“@eff” in 2D-3D mixture £ _f, | confinement:
6000 538‘ IR ]
f < o5 3
4000 - P-wave 5
2000 Veff 20 ;
'7\ . ﬂig/) M A M 8 5 i O s AP o e ‘g\——/ 15 N E
B e il @ 30 40 60 105 strong 3
~2000 - : , | ®confinement:
I 5Ll [P B PP B PP BPETSTEr | PETEre BT B
_4()()():, 15 20 25 30 35 40 45 50
—6000 Magnetic field (G)
h= 5 4 O 1 0]




Applications of mixed D

Florence group experiment

»+ observed 2-body scattering resonances in mixed D

- demonstrated the tunability of interaction strength

Important first step toward a rich variety of physics

v Efimov physics in mixed dimensions
Y.N. & S. Tan, PRL 101 (2008), PRA 79 (2009)

v If A atoms are confined in OD
B8 » Impurities resonant in s-wave, p-wave, ... channels

- Anderson localization [pP. Massignan & Y. Castin, PRA 74 (2006)]
- Infrared catastrophe / Kondo physics (work in progress with E. Demler]

v Rich many-body physics = . next part of this talk



Many-body physics
In mixed dimensions



What’s unique in mixed D 7

- In condensed matter, layered systems have rich physics
because of long-range Coulomb interaction

E.g. Interlayer exciton superfluidity in bilayer systems

Magnetic field
Electrons Excitons

J. P. Eisenstein, Science (2004)



What’s unique in mixed D 7

- In condensed matter, layered systems have rich physics
because of long-range Coulomb interaction

- Multi-layers can be easily created by a 1D optical lattice
- However, separated layers decouple in neutral atoms

Interlayer correlations induced by 3D atoms

~ " can lead to rich physics !l!



Bilayer Fermi-Fermi mixture . oo 0o

parameters of the system o
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Bilayer Fermi-Fermi mixture . oo 0o

parameters of the system ®
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Weak attraction (BCS) limit

B atoms in 3D induce an effective
attraction between A atoms in 2D
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Strong attraction (BEC) limit

krd O(1)
A atoms in 2D capture R
B atoms from 3D to form dimers .
o BEC
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Interlayer trimer formation

d > aeff

T

krd O(1)
d<aeft h
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dimers

Trimer Fermi gas
bridging 2 layers
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Phases of bilayer Fermi gas .. o000

Very rich but "minimal” phase diagram !!!

kpd O(l)
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Highlighted in Viewpoint of Physics 3, 58 (2010)
“The complexities of simplicity” (P. Bedaque)



Phases of bilayer Fermi gas .. o000

Very rich but "minimal” phase diagram !!!

krd O(1)
@ . <
o O intralayer p-wave SF
e 2 L3
0(1) dimer @ @
BEC | o L%
° o mterlayer u
Tt | @ | s-wave SF
@ ® trimer FG
§ =7 :
— 00 (I) +00 QeffKF

Previously, s-wave pairings and dimers have been realized
but p-wave pairings and trimers are difficult due to instability

B Enlarge the scope of ultracold atoms



Future prospects

Q1. How does the trimer gas b o
evolve into a gas of ((intralayer p-wave SF
their fermionic constituents?

(Cf. BEC—BCS crossover for dimers)

- How many phases appear? s-wave SF

- What is the nature of
quantum phase transition(s) ?

interlayer

- Implications for nuclear-quark matter transition?

Q2. What are the critical temperature and
experimental signatures of superfluid phases?

- At weak coupling |aeftkr| « 1, A ~ ep o~/ (acttkr)?
How large it can be at strong coupling before the dimerization?

» Chiral p-wave superfluid in 2D is topological
(Majorana fermions, non-abelian statistics, ...)



Summary

Efimov effect and Unitary Fermi gas exist
iIn 8 (/7 new) classes of systems :

v 2-body in pure 3D

v 2-body in 2D-3D mixture
» 2-body in 1D-3D mixture
- 2-body in 2D-2D mixture

» 2-body in 1
- 3-body in |

- 3-body in |

- Confinement-induced Efimov effect

D-3
D-1

D mixture

D-1D mixture

D2-2D mixture

v 4-body in pure 1D
Y. N. & D.T. Son, PRA (2010)

- Experimental realization (Florence, Amsterdam?, ...)

- Many-body phase diagram of multi-layered Fermi gas

[ Very rich new fields of universal few & many-body physics ]




Backup slides



“BCS-BEC” crossover
IN one dimension



Lattice model

r Y
4-component (o=a,b,c,d) fermions on a 1D lattice
H=—-1 xo'cyO' = UZ Cra xbciic deazdcacccazbcwa
2 (zy), o <

Scattering of 4 particles with all different components

a b C d @

—_—— ——— ——X /

i o ¥ Tl o (r, rz, rs)
(r, rz, ra)

Scattering of 2 particles in 3D

v

_tZA SroU| U(r)=EU(r) with == (r,rs,7s)

1 particle moving in a body-centered cubic lattice




Mapping to 2-body scattering in 3D

4-body scattering in 1D Schrddinger equation in 3D !
E 4 2 h2 £ =
—t;Ai ~6oU|U(r)=E%(r) ml» 5 Vr U(r)=E¥(r)

(s 7

Correspondence between 4-body interaction in 1D
and 2-body interaction in 3D
W,

\_

Physical meaning of |r| is different :
hyperradius of 4 particles in 1D vs. separation of 2 particles in 3D

Both are characterized by scattering length “a” in the same way

4
B , | T'(3) 8t

: : &
Resonance (a==) is achieved at — = 3213 /T (1)* ~ 5.742



Weak coupling ("BCS”) limit

| > (akr)’

- : "BCS” limit 0 “BEC” limit : +co
f e : _ A4ma
Lo ———u Yo — co BLUTUIYatbtnta with e = — =

linearization around Fermi points : ¥q () ~ e F %) (x) 4 e~ F Tl ()

. Hu@)charge T HsU(4) spin - Marginally relevant coupling

develops 3 spin gaps (f=1,2,3) :

- Tomonaga-Luttinger liquid

W|th gapless dlspers|on (E=VS |k|) Y Af X €F€_7T /(8|CL|]€F) Sln<f47'(')

6’CLVQF
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Strong coupling ("BEC”) limit

| > (akr)!
-0 : “BCS” limit 0 “BEC” limit : 4o

4 fermions form a tightly-bound tetramer : Eo=-1/(2ma?)

f

B Fermions are largely gapped : Ay s A3
: AY.
* Dilute Bose gas of tetramers — @880 — .
:
T 1
e 7 PS]
Htetramer ¢ ( 2N 4:“) ¢ Matt¢ ¢ ¢¢
with tetramer-tetramer scattering length : a;x = —na (n > 0)

Its low-energy physics is governed by

Tomonaga-Luttinger liquid with sound velocity :

( QQkF >UF
(= 1_77 I e
T 4




“BCS-BEC” crossover ?

+ Fermionic excitations are gapped As
(exponentially small in “BCS”
but large in “BEC” limits) AY.
" A
A2 . 1
A13 IN eemr lulke) 8ma?
I : > (akr)
-00 0 +00

- Gapless sound mode with linear dispersion E=vs|k|

il 6|a|kg
S y
VF i
Vs 1 akp
SR e e
VF 4 27
I > (akr)!



Unitarity limit

I > (akr)!
-0 ;: “BCS” limit 0 “BEC” limit : +o0
fr . . 2
Universal parameter & for 1D unitary Fermi gas :
2
e . -/
E 1 2 2 L Vs
o T gf st gf = =& i \/g

Currently no reasonable estimate of & in 1D,
but numerical simulations or the € expansion would help ...

£l,,2—1 and £|, s —0 wmp £=05 in 1D ???

3 3



Exact relationships in 1D

0. contact density 1. momentum distribution tall
C = {(meo)*Plhblviatesia) po(k — 00) — f ,52
2. energy relation 3. adiabatic relation
-3 [ (p0-RE) i E-25
4. pressure relation 5. virial theorem
P = 2¢€ 4 47577@ B oy /d:z: Si(ga

6. “quadruplet” density within hyperradius < R—0

C

iR = [ dr ltaauinen)uliceovivaen) — LR



