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A unifying idea via 2 concepts
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TOOL-MP BAG: GEOMETRY

optical lattices

gAY

1D optical lattice = array of 2D disk-like trapping potentials
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2 D optical lattice = array of 1D potential tubes

(d) 150
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Bloch (review,1995) Hadzibabic (PRL, 2013)
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3 D optical lattice = 3D simple cubic array of h.o. potentials




TOOL-MP BAG: SYNTHETIC GAUGE FIELDS

(a) Experimental layout (b) Level diagram
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USEFUL e.g. TO PRODUCE COUPLING
BETWEEN EXTERNAL (ORBITAL) AND INTERNAL (SPIN)
DEGREES OF FREEDOM: SPIN-ORBIT COUPLING




TOOL-MP' BAG: INTERNAL INTERACTIONS (MAGNETIC FIELD)

Scattering length a for an attractive potential

a

. Vir | .
a <0 vir) " a>0
no bound state ... . /'\@und state
) a T~
Bound state

Control the strength of interactions Dependence of a on the magnetic field
2 channels < different spin (hyperfine) states of 2-body scattering

Energy Energy

\\ Boumi Sm/——? /IA“B

2003

Regal et al.,

Interatomic Distance By Magnetic Field




TOOL-MP BAG: INTERNAL INTERACTIONS (OPTICAL CAVITY)

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]




TOOL-MP BAG: ADDRESSING A FEW OR SINGLE ATOMS

12 atoms/trap < 12 atoms/trap
3 ym trap radii . 3 pm trap radii
4 um cloud radii ® 5 pm cloud radii

12 atoms in centre
250 atoms in ring
5 uym centre radius 300 atoms in total

[Muldoon et a., 2012] [M. Greiner group]




WHERE THINGS GET INTERESTING: BOOSTING INTERACTIONS

P
m

(a) ny () n, scale of interaction energies

Table 6.1 Key properties of the Fermi liquid.

Introduction to Many-Body Physics, Cambirdge

Property Non-interacting Landau Fermi-liquid
Fermi momentum PF Unchanged
Density of particles 2(—;%, Unchanged
Density of states N©) = 35 N*(0) = ’;};’g
Effective mass m m* =m(1 = FY) ! » Mott insulator as
2

Specific heat coefficient Cy = yT ¥ = 5kzN(0) y = ”TZI%N *(0) 1 =1

' sgisas S *(0
Spin susceptibility xs = LN (0) Xs = “%JKF}“S) » Stoner ferromagnet %'
Charge susceptibility xc =N(0) X = J}f_l_é%) as Fj = -1 iEJ
Collective modes = Sound (w1 << 1) 8

Zero sound (wt >> 1) o




WHERE THINGS GET INTERESTING: REDUCED DIM

E
g~2kg o
O = 2kr
k
ALL EXCITATIONS COLLECTIVE k,
ALWAYS STRONLGY COUPLED @ LOW-ENERGY

1D: NO FERMI LIQUID

 SPIN AND DENSITY EXCITATIONS SEPARATE AND MAY
PROPAGATE WITH DIFFERENT VELOCITIES

« FERMI «SURFACE» NESTING AT ALL TIMES
§ (k+2kp) = —§(F)

« SPIN AND DENSITY RESPONSE x EASILY DIVERGE AND
INSTABILITIES OCCUR IN SPIN-SPIN AND DENSITY-DENSITY
CHANNELS (IN A SENSE SIMILAR TO SUPERFLUIDITY)

T. Gilamarchi, Quantum Physics in One Dimension, Clarendon
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WHERE THINGS GET INTERESTING: DISORDER

pror = p1 +p2+ 2/p1p2cos(¢a — ¢y)

By Time-reversal symmetry Ap = Ap

‘ Constructive interference

Quantum particle vs. Classical particle
pror = 4p| pror = 2pi

Argument by
Altshuler, Aronov,
Larkin, Khmelnitskii

Quantum enhancement of probability for localization !!!

2D and 1D: arbitrarily small amounts of disorder lead to (Anderson)
localization !
3D . above a critical threshold




WHERE THINGS GET INTERESTING: DISORDER+INTERACTIONS
THERMALIZATION VS. MANY-BODY LOCALIZATION

Numerical
analysis
[Alet et al.]

[Experiment: M. Schreiber, S. Hodgman, P. Bordia, H.
Luschen, M. Fischer, R. Vosk, E. Altman, U. Schneider, I.
Bloch, Science 349, 842 (2015)]
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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)




BCS-BEC CROSSOVER

Eagles '69, Leggett 80 Noziéres and Schmitt-Rink '85

&, Cooper pair size, getting larger

-
BCS REGIME €——— X X X X BEC REGIME
Interactions getting stronger
¢ o
o ©

.« %® &

strongly interacting pairs  diatomic molecules

Cooper pairs




BCS-BEC CROSSOVER IN HTSC

Unpaired
fermions

O. DeWolfe et al. (2016)
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1. BCS-BEC CROSSOVER PHYSICS: INTRODUCTION



BCS-BEC CROSSOVER @UNITARITY

Strinati et al., RPP (2018)
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BCS-BEC CROSSOVER IN HTSC: UNIVERSALITY

Y. J. Uemura et al. (1991) F. Pistolesi et al. (1994)

pm/€p

« u/(e,/2)

Description in terms of pair correlation length (pair size)




HOW MUCH DOES UNIVERSALITY PERSIST

INDEPENDENTLY OF MICROSCOPIC DETAILS?




BCS-BEC CROSSOVER IN QUANTUM GASES

@ | o ' 'm] PREDICTION

X o Al

Holland,

Kokkelmans,
;. 10} o Chiofalo,Walser,PRL |
E ¢ (2001)+Timmermans

-4 + ‘
10 | + 4+ Superconductors 1
+ ‘ QO Superfud Heliun-3
0 High Te Superoonductons
+ X Thispaper
O Superfud Heliun-4

oL - LA OBSERVATION
10 10 10 10
40K at JILA, 6Li at MIT

40K Increasmg attraction
T=0.07 T;:

rado, 2004

Markus Greiner, Cindy Regal and Debbie Jin, Nature 426 (2003)
Zwierlein, Stan, Schunck, Raupach, Gupta, Hadzibabic, and Ketterle, PRL 91 (2003)
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BCS-BEC CROSSOVER IN QUANTUM GASES

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]
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CROSSOVER WITH SHAPE RESONANCE

V(r)
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3 Parameters in the theory
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CROSSOVER WITH SPIN-ORBIT COUPLING

3 Parameters in the theory: (Ko, g, A) —keE
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QUARK-GLUON PLASMA vs. QUANTUM GASES

Quark-Gluon Plasma Ultracold Quantum Gases

%
o
Q
<
3
=
o
O
0\
a1
o
<
®
QD
-
v
o
—
Q
0]
o,
®
>
—
=
O
o~
N
o
=
=
~

Q/1GeV]

28



PHASE DIAGRAM OF QUARK-GLUON PLASMA

1T o © ©
O
C O o © © ®
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T~Tc
- -

Quark-Gluon Plasma (qq) = (

Bose-Einstein decondensation
Chiarally symmetric

T<Tc

@) (@q)=0

Neutrons, protons, pions, ...

Paired quarks
SC

(TT02) S4A S :sD9g ‘wheg ‘9

Fukushima&Hatsuda., RPP (2011)




PHASE DIAGRAM OF QUARK-GLUON PLASMA
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PHASE DIAGRAM OF QUARK-GLUON PLASMA

Quark-Gluon Plasma (qq) = (

Bose-Einstein decondensation
Chiarally symmetric

T<Tec

Paired quarks
Color SC
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 ud pairs antisymmetric in color ???7?7??




PHASE DIAGRAM OF QUARK-GLUON PLASMA
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NEUTRON STARS: need to account for interaction range!

-1 1
k,, [fm"] K [fm ]
q _ 01 02 03 04 05 06 _ 0 01 _02 03 04 05
i — i K Lenz "
0.6 BCS-atoms ] 09+ S
N ) - ® Neutron Matter -
0.5F Theo 08F ® B Cold Atoms -
[ 1EXp - y
=04 L Cnl .
- 04 Unitarity m“'°°7_ a |
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Quantum gases with broad resonances  Neutron Stars

Schwenké&Pethick (2005)

E(kpre) = & =0.4440.01




(krlrol)~" r,interaction range

Pieri et al. PRL 2004+Haussmann 1999 [single-channel, non-perturbative]

Broad Resonances

Astrakharchik, Boronat, Casulleras, Giorgini, PRL 2004 [single-channel, QMC]
o uessens s st en i asee e e

Forbes, Gandolfi, Gezerlis, PRA 2012 [single-channel+wellbarrier QVIC]

BEC BCS

limit limat

Ohashifand Griffin, PRAT2003) [Bosen-EFermion, RRA]

‘ Narrow Rlesonances

Holland; Kekkelmans, Chiofaloe;, Walser, PRL 2001 [Boson-Eermion, ME] (ra) )
. | —(kFa)

Gurarie and Radzihovsky, Ann. Phys. 2007




BROKEN-SIMMETRY PHASE IN TERMS OF ANDREEV REFLECTION

Andreev reflection in ordinary superconductors
Andreev reflection : e~ = pair’™ 4+ hT
electron hole
> X < |
K, w A —k, —w Andreev reflection

In Boson-Fermion Model
(<bb> correlations)

Elastically scatters
rti

=
part c_:,IJ S into holes E
=

reversing ALL components
of velocity

(0% /e
resonant »-- - <- resonant
Conserves: boson g, &%  boson
« Spin particle % hole
« Charge
« Momentum =




LOCAL-FIELD DIELECTRIC THEORY FOR RESONANCE SUPERFLUIDITY: WHY
(kr|ro]) ™!

Pieri et al. PRL 2004+Haussmann 1999 [single-channel, non-perturbative]
Broad Résonances
Astrakharchik, Boronat, Casullera = iorgini, PRL 2004 [single-channel, QMC]

Forbes, Gandolfi, Gezerlis, PRA %% [single-channel+wellbarrier QMC]

BEC | BCS
limit 2 limit
T H | S W O R K
; - » | o - ——

Ohashi and Griffin, PR E@@ [Boson-Eermion, RPA]

Narrow R __ onances

Holland; Kokkelmans; Chiofalo; W !fg PRL 2001 [Boson-Fermion;, MFE]

=
Gurarie and Radzinevsky, Ann. Phys. 2007

—(kra)™




THE CONCEPT OF LOCAL-FIELD FACTOR
Lorentz cavity

Il:jl + +
+ —
E L E

H]g(q, W) = Xﬂg(f}', m)veff,n(qa w)

Verro(q, @) = Vero(q. ) + Z Vgho (g, @) — Z Vg Goo (g, 0N (q, ®)
o’ o’

X0 XRPA x(q,w)

1 |
Lindhard Xo(q,w) Xo(q. w)
function I —vgxo(q,w) 1 —v4[l —G(q.w))] xo(q,w)

38



BF-STLS THEORY: LINEAR RESPONSE - IDENTIFY VARIABLES

6 kinds of excitations at both T < T. and T > T. = we focus on the superfluid state

@ gap amplitude fluctuations > Q}r — Z [C_k+q/2jick_|_q/2n~ — h.c.]
"Higgs mode” k

@ gap phase fluctuations
" Goldstone mode”

> Q?r — ‘FZ [C—k+q/2?¢‘:k+q/2n - h-c-]
k

3 __ T
> 9q — E :Ck+q/2,crck—0/2ﬂ

@ density fluctuations — k,o
4 T
— Qq = ngn(g)ck+q/2,gck—q/2,ﬁ
@ spin fluctuations — k,o
+ 2 resonant bosonic fluctuations pg =b_q and g = bl

we want the response functions —
we perturb the Hamiltonian with external fields coupling to the excitations
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- Citro R, Orignac E, De Palo S, Chiofalo M, PRA 75, 51602 (2007); De Palo S, Orignac E,
Citro R, Chiofalo M, PRB 77, 212101 (2008); Citro R, De Palo S, Orignac E, Pedri P,
Chiofalo M, NJP 10, 45011 (2008)

- Di Dio M., De Palo S., Orignac E., Citro R., Chiofalo M, PRB 92, 60506 (2015)
* Lucchesi L. and Chiofalo M, in preparation
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LUTTINGER-LIQUID BEHAVIOR IN 1D DIPOLAR GASES

45
0 (degree)

00-60-30 0 30 60 90
Width along p (um)

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

M. Lu, N. Burdick, S. Ho Youn, B. Lev

M. Rigol, S. Gopalakrishnan, B. Lev
PRL 107, 190401 (2011)

PRX 8, 021030 (2018)




r,= 1000

S(k)

RQMC OF REAL SYSTEM EFFECTIVE LUTTINGER H

100

10 §-.

01 ¢}

0.01

H = hj—[uK(zH) +—(a )]

[Citro R, Orignac E, De Palo S, Chiofalo M, PRA
75, 51602 (2007)]
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HOMOGENEQOUS SYSTEM

® (q)/(n ro)*/Ry
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ADDING SPIN IN 1D LADDER: MEISSNER-TO-VORTEX TRANSITION

a 0 Chiral current j. (a.u.) 1 b
—
- 35 Meissner phase >
Lab. experiment e =
- . | @ TTIITIIITITIITL 5
a 250 A I D
d, L ‘ R = 20 r ¥ Vortex phase ;
D ¢ . 2 _ 2 = e EEE R —
100 B 0 s I )18 s|oTTTo I [ [
o 0 YT é Vort I P
‘ | phase TP T T T T -
- o O o : O v - B = U
O e+ () i ‘ - -  jctaw 1I E
+1 [N 1F Y Jc (a.u. - . . e e
S B s [eme O TTEErT ekfl ey
‘ - \ ¢ = o : e Atom density (a.u.)
Keité 0o.o 02 044 06 08 10 ([) ;:—1 8
¥ Flux ¢ (m) N
A Yadvad 2

25 | Voissner  / DMRG numerical experiment

4
3
2

phase

1

1

* Hy=-tY (b],e"bji1, +Hc)
J.or

- +QY (bl by, +He,
J

(c)

0 025 05 075

1

. . o8 [Di Dio M., De Palo S., Orignac E., Citro R.,
H Chiofalo M, PRB 92, 60506 (2015




1D SPINFUL FERMI GASES WITH INFINITELY LONG-RANGE INTERACTIONS
IN OPTICAL CAVITIES (VIA MF+ED+BOSONIZATION)




1D SPINFUL FERMI GASES WITH TUNABLE-RANGE INTERACTIONS (VIA DMRG)
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_ Living Rev. R.eltf.tim'ty, .14, (2011), 3 LIVING REVIEWS
http://www.livingreviews.org/lrr-2011-3

PHYSICS REPORTS (Update of ]rr-2005—12) in relativity

Analogue Gravity

Carlos Barcel6
Instituto de Astrofisica de Andalucia (IAA-CSIC)

Glorieta de la Astronomia,
18008 Granada, Spain

Volume 351, Issue 4 N e

Stefano Liberati
Pages 195-348 (September 2001) e
International School for Advanced Studies
Via Bonomea 265, 1-34136 Trieste, Italy,
and
= Download PDFs 4, Export Show all article previews el Sc‘ifl‘:l’l‘l‘el‘lil’mq‘;‘t‘fz;‘:mglﬁ“e Dl
http://www.sissa.it/~liberati

Matt Visser

Revi - Ab | School of Mathematics, Statistics, and Operations Research
eview article O stract only Victoria University of Wellington; PO Box 600

. . . Wellington 6140, New Zealand
Superfluid analogies of cosmological phenomena g i ot
G.E. Volovik http://www.msor.victoria.ac.nz/~visser

Pages 195-348

Analog black hole configuration obtained by
sending 1D atomic BEC against optical potential

ML
models
(MLM)

%

\

Quantum
Simulator

Experimental evidence of HR based
on Balbinot-Fabbri moustache in
correlation function of density fluctuations

Boltzmann
Machines
(BM)
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Theory: IC et al., NJP 2008 Expt: Steinhauer Nat. Phys. '16




Quantum simulations of lattice gauge
theories using ultracold atoms

in optical lattices

Erez Zohar', J Ignacio Cirac' and Benni Reznik’

! Max-Planck-Institut fiir Quantenoptik, Hans-Kopfermann-StraB e 1, 85748 Garching, Germany

% School of Physics and Astronomy, Raymond and Beverly Sackler Faculty of Exact Sciences, Tel Aviv
University, Tel-Aviv 69978, Israel

(a)

LETTER

doi:10.1038/nature18318

Real-time dynamics of lattice gauge theories with a
few-qubit quantum computer

Esteban A. Martinez", Christine A. Muschik®%#, Philipp Schindler!, Daniel Nigg', Alexander Erhard!, Markus Heyl>*,
Philipp Hauke®?, Marcello Dalmonte®3, Thomas Monz!, Peter Zoller®3 & Rainer Blatt"?

E Experimental data -l Error model
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