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TOOLBOX

CODE A HIGHLY CONTROLLABLE 
HARDWIRED QUANTUM SYSTEM 

TO SIMULATE QUANTUM PHENOMENA

DEVELOP QUANTUM DEVICES

NEUTRAL ATOMS
AS ANALOG 
QUANTUM 

SIMULATORS

NEW PARADIGMS FOR QUANTUM METROLOGY
SELECTED EXAMPLES

SELECTED EXAMPLES





Many-Body 

Physics

#part >3

Atomic & 

Molecular 

Physics

Biology

Nuclear 

Physics

#≈ 𝟏𝟎𝟐
Statistical 

mechanics & 

Thermodynamics

Broken 

Symmetries

(Quantum) 

Phase 

Transitions

Condensed 

Matter:

(Quantum) 

Solids-Liquids- 

Soft matter

Examples 

 
• Electrons in metals 

n≈ 𝟏𝟎𝟐𝟐  𝒄𝒎−𝟑

• Carriers in semic.

     n≈ 𝟏𝟎𝟏𝟗  𝒄𝒎−𝟑

• Quantum gases

    n≈ 𝟏𝟎𝟏𝟒  𝒄𝒎−𝟑

HEP& Fundamental 

interactions

Quantum Field Theory

Quark-Gluon Plasma 

n≈ 𝟏𝟎𝟑𝟗  𝒄𝒎−𝟑

Examples 
 

• Metal-Superconductor
• Para-Ferromagnet
• Charge/Spin Wave
• ..............................



A classical

example:
water

Reduced symmetry

Temperature

Appear:

• New collective hydro modes (phonons)

• New elastic modes (shear modulus)

• (Topological) defects: dislocations,…
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Reduced 
symmetry



ONE unifying idea via TWO CONCEPTS

CONSERVED QUANTITIES

• Number of particles

• Linear momentum/current 

• Angular momentum

• Energy

• ...........

BROKEN SYMMETRIES

• Liquid to Crystal

• Normal to Super Fluidity

• Para to Ferro Magnetism

• ...........

Continuous symmetry- appear:

• New Hydrodynamic modes

• New elastic constants

• Defects: topological 
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QuantumClassical λdB ~  sistem size
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ONE unifying idea via TWO CONCEPTS

CONSERVED QUANTITIES

• Number of particles

• Linear momentum/current 

• Angular momentum

• Energy

• ...........

BROKEN SYMMETRIES

• Liquid to Crystal

• Normal to Super Fluidity

• Para to Ferro Magnetism

• ...........

Discrete symmetry - appear:

• No new hydro modes

• No new elastic constants

• Defects: domain walls....
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MORE EXAMPLES



TUNING

TEMPERATURE



https://www.youtube.com/watch?v=shdLjIkRaS8&list=PLG2
OouLZKRJ_aQJ87-a_U0Anht5IHopvL&index=14&t=8s 

https://www.youtube.com/watch?v=shdLjIkRaS8&list=PLG2OouLZKRJ_aQJ87-a_U0Anht5IHopvL&index=14&t=8s
https://www.youtube.com/watch?v=shdLjIkRaS8&list=PLG2OouLZKRJ_aQJ87-a_U0Anht5IHopvL&index=14&t=8s
https://www.youtube.com/watch?v=shdLjIkRaS8&list=PLG2OouLZKRJ_aQJ87-a_U0Anht5IHopvL&index=14&t=8s


TUNING

INTERACTIONS
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LANDAU THEORY OF FERMI LIQUIDS



TUNING
DIMENSIONALITY
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ALL EXCITATIONS COLLECTIVE

  ALWAYS STRONGLY COUPLED  

• FERMI «SURFACE» NESTING AT ALL TIMES

1D: NO FERMI LIQUID

•   SPIN AND DENSITY RESPONSE EASILY DIVERGE: PHASE TRANSITION  

• SPIN & DENSITY EXCITATIONS SEPARATE - PROPAGATE @DIFFERENT  V

(SIMILAR TO SUPERFLUIDITY)



TUNING

DISORDER
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AALK argument  

Altshuler, Aronov, Larkin,Khmelnitskii

Quantum       vs. Classical

Constructive interference

LOCALIZATION PROBABILITY  

QUANTUM ENHANCED !!! 

Random

scattering

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

                    localization !

3D             : above a critical threshold

Time-reversal symmetry:
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Numerical analysis
[Luitz, Laflorencie, Alet

PRB 91, 081103 (2015)]

DISORDER + INTERACTIONS: 

MANY-BODY LOCALIZATION

Breakdown of the

Ergodic 

Thermalization 

Hypothesis

Experiment (cold atoms in an optical lattice)
[Schreiber, Hodgman, Bordia, Luschen, Fischer, Vosk, Altman, Schneider, Bloch, Science 349, 842 (2015)]



QUANTUM
SIMULATOR



https://www.nist.gov/content/nist-and-nobel/nobel-moment-eric-cornell

https://cdnapisec.kaltura.com/index.php/extwidget/preview/partner_id/68468
2/uiconf_id/31013851/entry_id/0_x1cvn1yn/embed/dynamic

https://www.nist.gov/content/nist-and-nobel/nobel-moment-eric-cornell
https://cdnapisec.kaltura.com/index.php/extwidget/preview/partner_id/684682/uiconf_id/31013851/entry_id/0_x1cvn1yn/embed/dynamic
https://cdnapisec.kaltura.com/index.php/extwidget/preview/partner_id/684682/uiconf_id/31013851/entry_id/0_x1cvn1yn/embed/dynamic
https://cdnapisec.kaltura.com/index.php/extwidget/preview/partner_id/684682/uiconf_id/31013851/entry_id/0_x1cvn1yn/embed/dynamic


21

Bloch  (1995)

Hadzibabic (PRL, 2013)

CONFINEMENT 

AND 

DIMENSIONALITY
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INTERACTION 

STRENGTH-1
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No bound state
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Ben Lev 2011

DIPOLAR   ATOMS INTERACTION 

RANGE-1

Poschinger @SPICE 2021

IONS

RYDBERG ATOMS 

Anton Broaweys @Quantum2020



KEY-IDEA: USE COOPERATIVITY  

• ENHANCE ATOM-LIGHT INTERACTION BY MULTIPLE PHOTON TRIPS

• EFFECTIVE INTERACTION TUNABLE IN STRENGTH

• COUPLING TO MANY MODES TUNES THE RANGE OF EFFECTIVE INTERACTION 

Geometrical                 Physical

Cooperativity 

INTERACTION 

STRENGTH-2



INTERACTION 

STRENGTH AND RANGE-2



fermions

bosons

STATISTICS

anyons with 
topological states

https://www.youtube.com/watch?v=y07KNKzB2tY&list=PLG2OouLZKRJ_aQJ87-a_U0Anht5IHopvL&index=15&t=2215s


[Muldoon et al., 2012] 

Optical tweezers

[Markus Greiner, Harvard] 

Quantum Gas Microscope

ADDRESSING THE SYSTEM

[Giulia Semeghini, Harvard @SPICE21] 



TOOLBOX

CODE A HIGHLY CONTROLLABLE 
HARDWIRED QUANTUM SYSTEM 

TO SIMULATE OTHER QUANTUM PHENOMENA

DEVELOP 
QUANTUM 

DEVICES

NEUTRAL ATOMS
AS ANALOG 
QUANTUM 

SIMULATORS
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BCS-BEC CROSSOVER AND HIGH-TC SUPERCONDUCTIVITY
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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
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167Er @Francesca Ferlaino LAB (PRL 2018)
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QUARK-GLUON PLASMA

18 paired 
quarks SC       via gluon exchange chiral symmetry breaking 

Crossover?

From Andrew Lucas (2016)



M. Holland, S. Kokkelmans, R. 
Walser,M. L. Chiofalo, Phys. Rev. 
Lett. 87, 120406 (2001)

a>0 Bosonic pairs

a<0 Fermionic pairs



38

UNIVERSALITY IN THE CROSSOVER WITH A SHAPE RESONANCE

3 Parameters in the theory

Silvia Musolino and MLC, EPJST 2017



UNIVERSALITY IN THE CROSSOVER WITH SPIN-ORBIT COUPLING



3 Parameters in the theory: (k0, g, λ) →kFξ

Davide Giambastiani, Michele Barsanti and MLC, EPL 2018



THEORY OF SUPERFLUIDITY IN THE CROSSOVER
Bonetti and MC, arxiv 2018



RESPONSE TO:

Free or Lindhard

EXTERNAL FIELD

+ INDUCED   FIELD@SURFACE
RPA

+ INDUCED LOCAL FIELD (VXC) 

ORIGINAL (CLASSICAL) DERIVATION: Singwi, Tosi, Land, Sjolander, PR 176 589 (1968)

QUANTUM: Hasegawa and Shmizu, J. Phys. Soc. Japan 38, 965 (1975)

FOR SYSTEMS WITH SPONTANEOUS SYMMETRY BREAKING: Pietro Bonetti and MLC (2018)

Generalized force

BOSON-FERMION  STLS THEORY WITH BROKEN SYMMETRY
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MICROSCOPIC BOSON-FERMION MODEL
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Higgs and Goldstone modes, density and spin fluctuations
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F

BF-STLS THEORY: SUMMARY OF SELF-CONSISTENT EQUATIONS



Tc AND CHEMICAL POTENTIAL EQUATIONS
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BEC limit BCS limit

Melik-Barkhudarov
correction !

BF-STLS THEORY CHECKS
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1D BOSONS IN SYNTHETIC GAUGE FIELDS: 
ANALOGS OF TYPE-II SUPERCONDUCTORS
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DMRG            +   BOSONIZATION

Experiment: I. Bloch (2014)
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Exp: Steinhauer, Nature 2016
Theory: Carusotto, PRA 2008



Chin, Nature 2018
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FOR METROLOGY
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@LENS LAB (FIRENZE)

MEASURING LITTLE g – A NEW GALILEO PENDULUM FOR ATOMS

[G Tino&Co+MLC, PRL, PRA, and NJP (2008-2012)]

25Gen2.avi
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SQUEEZED MOMENTUM STATES FOR INTERFEROMETRY
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“SQUEEZE»

FREQUENCY RANGE  
COMPLEMENTARY 

TO LIGO-VIRGO

CONTROLLED INTERACTIONS 
IN QED CAVITIES

[Athreya Shankar, Leo Salvi, NicolaPoli, MLC, 
Murray Holland, Quantum Tech. (2019)]

SQUEEZED MOMENTUM STATES FOR GW DETECTION VIA A.I.
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HIGHLY ENTANGLED MAGNETICALLY ORDERED 1D FERMION STATES WITH 
TUNABLE RANGE INTERACTIONS- PARADIGM FOR QUANTUM METROLOGY

Leonardo Lucchesi+MC (PRL 2018)

VIA DMRG METHODS

Experimental platform: Ben Lev 
(PRX, 2018)



QUANTUM CRAMER-RAO LOWER BOUND

QUANTUM FISHER FOR PURE STATE

METROLOGICAL USABILITY: THE QUANTUM FISHER INFO



ADIABATIC STATE PREPARATION IN THE PRESENCE OF DECOHERENCE

2 particles per site +
Mott-Insulator U>>    : Heisenberg spin-1

Experimental interest @ 
Wolfang Ketterle Lab - MIT



• Trade-off between ramp speed and energetic cost of natural 
heating (spontaneous emission, field fluctuations, noises of 
optical lattice)

• Optimized ramp speed

• Here: simulation with MPS+Markovian master equation with  
most destructive source of heating, i.e. spin-dependent local 
fluctuations

• Characterize many-body entanglement via Quantum Fisher 
Information: entanglement useful for phase estimation and thus 
also for metrological applications 



QFI 
of target state

more robust 
than Fidelity 

against 
dephasing





Integrating Human and Machine Minds for 
Quantum Technologies

IQHuMinds: a quantum black box for problem solving

Human visual mind, creativity and intuition 
+

Computer algorithmic logic   

A combined set of

• Quantum technologies
• Interfaces
• Measurement tools
• Citizens science tools

to integrate the best of



«Play is the highest form of research»
     -Albert Einstein- 

«Play is Children’s work»
     -Maria Montessori- 

«Games change the world»                                      

-Jane McGonigall- Reality is broken 2011

CHANNELLING HUMAN-MIND POWER



Map quantum problem into videogame 

Quantum physicists

Neuroscientists

Game developers

Computer scientists

Outreach experts

Physics education experts

Citizen scientists

DESIGN OF
• Quantum technologies
• Interfaces
• Measurement tools
• Citizens science tools

Citizens play videogame

Play strategies used to train classical or quantum computer 

Computer solves problem



https://turkuquantum.github.io/IQHuMindsNetwork/


A spin-off project becoming 
main stream



 
A Quantum Spin Model 
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Humans (and animals) are able to estimate 

pretty well HOW MANY objects there are

i.e. their numerosity

Humans perform this 

operation remarkably 

well with an error rate 

of about 20% over 7-

200 range of items 

• Determining number 

is traditionally 

associated with 

counting

D. Burr, J. Ross, A visual sense of number. Curr. Biol. 18, 425–428 (2008)

• In fact: PERCEPTUAL FUNCTION  (not 

cognitive)

• «Analogic sense of number»



Exp data from PisaVisionLab: Anobile, Turi, Cicchini, Burr, Journal of Vision (2015)

WEBER’s LAW

! HOLDS OVER A WIDE RANGE OF STIMULI # !

A random counter 

would at most be 

Poissonian (      )𝑵



Numerosity perception: 
phenomenology

Numerosity perception: 
existing models Our coarse-grained 

quantum model

Counting without counting

Methods



Tunneling Interaction

Excitation losses
or
Collisional dephasing

Dissipation
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Psychometric function

Weber ratio
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SUMMARIZING



MESSAGES

Designed a quantum toolbox for information processing in the brain. In our toolbox:

• Strong signal of the number of past events persists after long time even with 
dissipation  (if the network is all-to-all connected)

• Numerosity perception is an intrinsic property of the quantum network, without any 
training

• Even with our “agnostic” decoder, numerosity perception follows Weber’s law  as 
derived from the psychometric function: this finding is robust with respect to time and 
space randomness, excitation intensity, moderate dissipation levels and other 
governing parameters  (no time to show detailed analysis)

A minimal (single layer, minimal couplings but all-to-all, untrained ) Quantum model 
exploiting its intrinsic properties captures the qualitative behaviour and performs 
comparably – if not better - to idealized standard neuronal activity models



• In the opposite direction: what about elevating our (fully equipped) quantum toolbox to
a microscopic model?

QUESTIONS (TAKE THREE and FOUR)

• Can we equip our quantum toolbox with the potential of relevant paradigms from 
driven-dissipative open quantum systems, and 

• Engineer a quantum technology to make a neurobiology sensory system?
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