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Plan of this talk

1. Few-body universality

known = “Efimov effect”

new! = “super Efimov effect”

e Phys Rev Lett 110, 235301 (2013) with Moroz and Son
* Phys Rev A 90, 063631 (2014) with Moroz

2. Many-body crossover physics

known = “BCS-BEC crossover”

new! = “atom-trimer continuity”

* Phys Rev Lett 109, 240401 (2012)
e Phys Rev Lett 114, 115302 (2015)



Novel few-body
universality



Few-body universality

Efimov effect (1970) !II!j

e 3 bosons Infinite bound states

+ 3 dimensions — with exponential scaling

¢ S-wave resonance En ~ 6_27m

Universal!



Few-body universality

Efimov effect @ Super Efimov effect

* 3 bosons A * 3 fermions G\N
* 3 dimensions * 2dimensions ‘\\
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¢ S-wave resonance ¢ p-wave resonance
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P-wave scattering in 2D

Two fermions with short-range potential e
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P-wave scattering in 2D

Two fermions with short-range potential oﬁ"
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P-wave scattering in 2D

Two fermions with short-range potential e

V(r)
p+k/2 q+k/2
\ / resonance o0
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= Effective range expansion
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“running” coupling
(logarithmic decrease toward low-energy p/A—0)



P-wave scattering in 2D

Two fermions with short-range potential e
p+k/2 q+k/2 V(I’)
\ / resonance > OO <
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/ \ low-energy
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= Low-energy effective field theory
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dimer field ®: couples to two fermions
with orbital angular momentum L=*1



RG in 2-body sector

Low-energy effective field theory
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RG in 3-body sector

3-body problem < fermion+dimer scattering

L boty ={vs) ), i plpath + -
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irrelevant

marginal coupling renormalized by

= RG equation




RG in 3-body sector

3-body problem < fermion+dimer scattering

L boty ={vs) ), i plpath + -

irrelevant

marginal coupling @ low-energy limit s
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= Super Efimov effect!



Model confirmation

dk kz Spinless fermions
(27)2 2m with a separable potential

dkdpdq
— Vo Zf o ¢;+pxa(p)¢‘%_p X Yi_oX-a(@) Vi,
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3-body binding energies \,, = Inln(mE,,/A?)~1/?

= solve STM equation numerically
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Model confirmation

dk k2 Spinless fermions
H:f ¢,z¢k

(27)2 2m with a separable potential

dkdpdq
— Vo Zf o %ﬂ,xa(p)@b;_p X Yi_oX-a(@) Vi,

a==

—p*[(2A?)

resonance (a->oo) X+(P) = (Px = tpy) €

3-body binding energies \,, = Inln(mE,,/A?)~1/?
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RG in 4-body sector

4-body problem & dimer+dimer scattering
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Efimov vs super Efimov

Super Efimov effect
e 3 fermions Infinite bound states

e 2 dimensions — with doubly exponential

o _",3tn/4
* p-wave resonance scaling F_~ e 2¢

Universal.! n=2
butdifficultto-abserve.? #



Efimov vs super Efimov

Efimov effect

e 3 identical bosons
e 3 dimensions

¢ S-wave resonance
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Efimov vs super Efimov

Efimov effect Super Efimov effect
3 identical bosons 3 identical fermions
« 3 dimensions e 2 dimensions
* S-wave resonance * p-wave resonance
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Mass imbalance mixtures

2 fermions +1 (M/Im>2.41) Me
2 bosons + 1 @ p-wave
100 (Mim>4.03) @ resonance
g GOw
E g
ol e 4+10.55
+ 5
i for 3 identical
£ f fermions
L s o 204 50 m
In En+1
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In E,

* p-wave resonance observed but 2D confinement necessary
M. Repp et al, Phys. Rev. A 87, 010701 (R) (2013)



From few to many

Few-body -« Efimov effect
physics

How do they interplay ?

Many-body physics

e BCS-BEC crossover



Novel many-body
crossover physics



BCS-BEC crossover

e 2-component Fermi gas

loosely bound Cooper pairs tightly bound dimers

Jin Group at JILA



BCS-BEC crossover

e 3-component Fermi gas

loosely bound Cooper pairs tightly bound dimers

~

. ?

unpaired atoms




BCS-BEC crossover

e 3-component Fermi gas

loosely bound Cooper pairs tightly bound dimers
. a e
J
. o
)
o
. Y
unpaired atoms unpaired trimers

[“Atom-trimer continuity” = New crossover physics ! ]




3-component Fermi gas

e 3 spin states (i=1,2,3) of °Li atoms
near a Feshbach resonance:
|
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K. M. O’Hara, New J. Phys. (2011)



3-component Fermi gas

e 3 spin states (i=1,2,3) of °Li atoms
near a Feshbach resonance:
L

ik
qa

f(K) =

ai2=azz=az1 = SU(3)xU(1) invariance
I ¢ g
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* Problem! 3 fermions form an infinitely deep ¢
bound state (Thomas collapse) g7~

4

—. ~ No many-body ground state :-(



3-component Fermi gas

e 3 spin states (i=1,2,3) of °Li atoms
near a “narrow” Feshbach resonance:

1 -1
F (k) = k)=
ik+1 “W ik + 1+ RK2
re = —2R is the effective range

ca=ai2=az3=az1 and R=R12=R23=R31

* R regularizes short-distance behaviors
(= no Thomas collapse)

— ~ Universal many-body ground state
(depends only on a, R, kf)



Phase diagram
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Phase diagram

RK ¢
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Phase diagram
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Phase diagram
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Phase diagram
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Phase diagram
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Phase diagram
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Phase diagram
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Phase diagram

0. Q)
SF + FSA
. ©
Unpaired fermions
RK ¢ are atom-like
(Meff ~ m) Unpaired fermions
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[ “Atom-trimer continuity” = New crossover physics ! ]




Quark-hadron continuity

VOLUME 82, NUMBER 20 PHYSICAL REVIEW LETTERS 17 My 1999

Continuity of Quark and Hadron Matter

Thomas SchSfer and Frank Wilczek

School of Natural Sciences, Institute for Advanced Study, Princeton, New Jersey 08540
(Received 30 November 1998

We review, clarify, and extend the notion of color-Ravor locking. We present evidence that for three
degenerate Ravors the qualitative features of the color-Ravor locked state, reliably predicted for high
density, match the expected features of hadronic matter at low density. This provides, in particular,
a controlled, weak-coupling realization of conbPnement and chiral symmetry breaking in this (slight)
idealization of QCD. [S0031-9007(99)09191-7] ‘

In a recent study [1] of QCD with three degenerate RBavor quantum numbers, including integral electric charge.
vors at high density, a new form of ordering was predictedThus, the gluons match the octet of vector mesons, the
wherein the color and Bavor degrees of freedom becomeguark octet matches the baryon octet, and an octet of col-
rigidly correlated in the ground state: color-Bavor locking.lective modes associated with chiral symmetry breaking
This prediction is based on a weak-coupling analysis usmatches the pseudoscalar octet. However, there are also
ing a four-fermion interaction with quantum numbers ab-a few apparent discrepancies: there is an extra massless
stracted from one gluon exchange. One expects that sudinglet scalar, associated with the spontaneous breaking of
a weak-coupling analysis is appropriate at high density, fobaryon number (superf3uidity); there are eight rather than
the following reason [2,3]. Tentatively assuming that thenine vector mesons (no singlet); and there are nine rather
quarks start out in a state close to their free quark statehan eight baryons (extra singlet). We will argue that these
i.e., with large Fermi surfaces, one bnds that the relevar@discrepanciesO are superbcial N or rather that they are fea-
interactions, which are scattering the states near the Ferrtires, not bugs.

surface, for the most part involve large momentum trans- Let us Prst briel3y recall the fundamental concepts of

-

New link between atomic and nuclear systems !

tivity [4], even weak couplings near the Fermi surface carform [1]

PACS numbers: 12.38.Aw ‘




Polaron problem

Quantitative analysis of phase diagram

=> challenging to incorporate three-body
physics in many-body problem

=> “Polaron problem” with variational approach



Crossover wave function

BCS-BEC crossover wave function
SFY = [ [up +vp! 1 (P)! ,(—P)]I0)
p

Atom-like and trimer-like wave functions

atom! , = 2! I(k)|SF

trimerl, = 1 (P,p)" I(k" P)" I(p)" }(P " p)|SF
P,p

=> Polaronic atom-trimer state

latom! trimer !y = |atom! + |trimer!y hybridizable by
condensed pairs

Z = |z«|? = atomic fraction = 1 - (trimeric fraction)



Polaron phase diagram -
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Polaron phase diagram
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Polaron phase diagram




Polaron phase diagram -

Polaron to dimer transition
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Polaron phase diagram

already similar to proposed phase diagram



Summary of this talk

1. Novel few-body universality
e 3 particles (fermions or mixtures)
e 2D @ p-wave resonance

=> “super Efimov effect”

Related works by Volosnieyv, Zinner, Yu, Gridnev, Efremoy, ...

2. Novel many-body crossover physics

e 3-component Fermi gas
« 3D @ narrow s-wave resonance

=> “atom-trimer continuity”

Related works by Schmidt, Hammer, Zinner, ...



