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QUANTUM MANY-PARTICLES SYSTEMS 

WITH BROKEN SYMMETRIES:

A unifying idea via 2 concepts

CONSERVED QUANTITIES

• Number of particles

• Momentum/current (angular too)

• Energy

• ...........

BROKEN SYMMETRIES

• Liquid to Crystal

• Normal to Super Fluidity

• Para to Ferro Magnetism

• ...........

Appear:
• New 

Hydodynamic 
modes

• New elastic 
constants

• Defects

Temperature
Reduced
symmetry Dimensionality

QuantumClassical

Interactions

λdB ~  sistem size
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TOOLBOX
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Bloch  (review,1995) Hadzibabic  (PRL, 2013)
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USEFUL e.g. TO PRODUCE COUPLING

BETWEEN EXTERNAL (ORBITAL) AND INTERNAL (SPIN)

DEGREES OF FREEDOM: SPIN-ORBIT COUPLING 



7



8

KEY-CONCEPTS: 

• ENHANCE ATOM-LIGHT INTERACTION BY MULTIPLE PHOTON TRIPS

• EFFECTIVE INTERACTION TUNABLE IN STRENGTH

• COUPLING TO MANY MODES TUNES THE RANGE OF EFFECTIVE INTERACTION 

[B. Lev group] 
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[Muldoon et a., 2012] 

Optical tweezers 

[M. Greiner group] 

Quantum gas microscope
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ALL EXCITATIONS COLLECTIVE

ALWAYS STRONLGY COUPLED 

1D: NO FERMI LIQUID

@    LOW-ENERGY

• SPIN AND DENSITY EXCITATIONS SEPARATE AND MAY 

PROPAGATE WITH DIFFERENT  VELOCITIES

• FERMI «SURFACE» NESTING AT ALL TIMES

• SPIN AND DENSITY RESPONSE  χ EASILY DIVERGE AND 

INSTABILITIES OCCUR IN SPIN-SPIN AND DENSITY-DENSITY 

CHANNELS (IN A SENSE SIMILAR TO SUPERFLUIDITY)
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Argument by 

Altshuler, Aronov, 

Larkin, Khmelnitskii

By Time-reversal symmetry

Quantum particle   vs. Classical particle

Constructive interference

Quantum enhancement of probability for localization !!! 

Random

scattering

2D and 1D: arbitrarily small amounts of disorder lead to (Anderson)

localization !

3D             : above a critical threshold
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[Experiment:  M. Schreiber, S. Hodgman, P. Bordia, H. 

Luschen, M. Fischer, R. Vosk, E. Altman, U. Schneider, I. 

Bloch, Science 349, 842 (2015)]

Numerical 

analysis 

[Alet et al.]
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• Holland M J, Kokkelmans S, Chiofalo M L, Walser R, PRL 87, 120406 (2001)

• Musolino S and Chiofalo M, EPJ-ST 226, 2793 (2017)

• Giambastiani D., Barsanti M. and Chiofalo M., EPL 123, 66001(2018).

• E. Colella, M. Barsanti, R. Citro, D. Rossini, and Chiofalo M., PRB 97, 134502

(2018)

• Bonetti P. and Chiofalo M., in preparation (2018)
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BCS-BEC CROSSOVER



1. BCS-BEC CROSSOVER PHYSICS: INTRODUCTION 20

BCS-BEC CROSSOVER IN HTSC
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≈ 0.37 @ unitarity

BCS-BEC CROSSOVER @UNITARITY
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BCS-BEC CROSSOVER IN HTSC: UNIVERSALITY

Description in terms of  pair correlation length (pair size)
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HOW MUCH DOES UNIVERSALITY PERSIST

INDEPENDENTLY OF MICROSCOPIC DETAILS? 
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BCS-BEC CROSSOVER IN QUANTUM GASES

Holland, 

Kokkelmans, 

Chiofalo,Walser,PRL  

(2001)+Timmermans

PREDICTION

OBSERVATION

40K at JILA, 6Li at MIT
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EVOLUTION OF THE BCS-BEC CROSSOVER 

• COND-MAT AND HTSC: PHENOMENOLOGICAL MODEL TO 

GAIN INSIGHT ON MICROSCOPIC MECHANISMS

• ULTRACOLD QUANTUM GASES: PARADIGM TO BE EXPLORED 

UNDER CONROLLABLE MICROSCOPIC MECHANISMS

TWO EXAMPLES 

 Shape resonance [Musolino &MLC, EPJ-ST 2017]

 Variable range interaction + SOC [Giambastiani& MLC, EPL 2018]

BCS-BEC CROSSOVER IN QUANTUM GASES
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CROSSOVER WITH SHAPE RESONANCE

3 Parameters in the theory
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CROSSOVER WITH SPIN-ORBIT COUPLING

3 Parameters in the theory: (k0, g, λ) →kFξ
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Quark-Gluon Plasma

•T ~102 MeV ~1012 K 

(T@1 μs after Big Bang)

•Many ~104 - ~107 degrees of freedom

•Always strong interacting:

even at GUT ~1015 GeV

gs ~ 1/ 2

Notice that 

e ~ 1/ 3

Ultracold Quantum Gases

• T ~10-6 to ~10-9 K 

(coldest in Universe)

• Many ~104 - ~107 d.o.f.

• Interaction strength at will

QUARK-GLUON PLASMA vs. QUANTUM GASES
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PHASE DIAGRAM OF QUARK-GLUON PLASMA
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PHASE DIAGRAM OF QUARK-GLUON PLASMA
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PHASE DIAGRAM OF QUARK-GLUON PLASMA

• Color Flavor Locked State ???????

18 condensates (u,d,s)x(red,green,blue) 

breaking color+flavor

• ud pairs antisymmetric in color ??????
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Experiments: Bloch 

.....

F
u

k
u

s
h

im
a
&

H
a
ts

u
d

a
.,

 R
P

P
 (

2
0
1
1
)

PHASE DIAGRAM OF QUARK-GLUON PLASMA

• Bosons: 

diquarks

• Fermions: 

unpaired quarks

• B-F molecule: 

nucleon 
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NEUTRON STARS

Type II 

SC

????

• Electrons non SC

• Neutrons SF  3P2

• Quarks SC 1S0

VORTEXES with ~ 10 fm core

• In Neutron SF are very dilute

• In Proton SF array with sub 0A-pace

and Universe-age long diffusion time

• Glitches and (un)pinning of vortexes

from SF to crust



34

Theo

Exp

@Unitarity

Thesis of Gezerlis

NEUTRON STARS: need to account for interaction range!
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Quantum gases with broad resonances       

negligible
Neutron Stars            

large

• Interparticle spacing

• Scattering length 
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CROSSOVER WITH VARIABLE FANO-FESHBACH RESONANCE WIDTH

r0 interaction range
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BROKEN-SIMMETRY PHASE IN TERMS OF ANDREEV REFLECTION
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Gurarie and Radzihovsky, Ann. Phys. 2007

LOCAL-FIELD DIELECTRIC THEORY FOR RESONANCE SUPERFLUIDITY: WHY
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THE CONCEPT OF LOCAL-FIELD FACTOR

Lindhard

function

Lorentz cavity
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BF-STLS THEORY: LINEAR RESPONSE – IDENTIFY VARIABLES
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Citro R, Chiofalo M, PRB 77, 212101 (2008); Citro R, De Palo S, Orignac E, Pedri P,
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M. Lu, N. Burdick, S. Ho Youn, B. Lev

PRL 107, 190401 (2011)

Y. Kao, Kuan-Yu Li, S. Seo, K. Mallayya,

M. Rigol, S. Gopalakrishnan, B. Lev

PRX 8, 021030 (2018)

DYSPROSIUM

LUTTINGER-LIQUID BEHAVIOR IN 1D DIPOLAR GASES
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N=40

nr0=  0.01
nr0=  50

nr0=  100

nr0=  1000

RQMC OF REAL SYSTEM EFFECTIVE LUTTINGER H

[Citro R, Orignac E, De Palo S, Chiofalo M, PRA

75, 51602 (2007)]
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EXCITATIONS IN

HOMOGENEOUS SYSTEM

EXCITATIONS IN TRAP



Lab. experiment

DMRG  numerical experiment
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[Di Dio M., De Palo S., Orignac E., Citro R., 

Chiofalo M, PRB 92, 60506 (2015)]

ADDING SPIN IN 1D LADDER: MEISSNER-TO-VORTEX TRANSITION
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1D SPINFUL FERMI GASES WITH INFINITELY LONG-RANGE INTERACTIONS

IN OPTICAL CAVITIES (VIA MF+ED+BOSONIZATION)
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1D SPINFUL FERMI GASES WITH TUNABLE-RANGE INTERACTIONS (VIA DMRG)
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Chair: M. L. Chiofalo 

LOC: A. Ferrara, M. D’Elia, G. Tino, D. Grasso, D. Buttazzo  

Advisory Board: E. Cornell, G. Tonelli, S. Stringari, L. Pitaevskii
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