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Quantum advantage?
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problems and sensing Article | Published: 23 October 2019

Quantum supremacy using a programmable

superconducting processor
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Evidence for the utility of quantum computing before
fault tolerance
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Quantum Spin model

Many-body wavefunction
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2V numbers «— 2" quantum states
N=40:2"~ 10" — 32x 10" bytes=4Tb

- Exponentially large Hilbert space

- Exact encoding of large systems (e.g. complex molecules) is
hopeless

- Traditional methods (Quantum Monte Carlo, QFT,
perturbative methods) have limitations

- Classical methods (DMRG) work well in 1D




Quantum simulation

Feynman 1982;

Lloyd Science 1996 | | |
“Let the computer itself be built of quantum mechanical

elements which obey gquantum mechanical laws”

Analog quantum simulation Digital quantum simulation

1 0

Requirements

Encode Hilbert space | |
Prepare/evolve quantum states Single purpose quantum Universal quantum

Measure quantum props simulator computer
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Ingredients

- Bit of quantum information: qubit - Decompose quantum dynamics

lw) = cos@|0) +sinfe'?|1) ' o —iH (e—iHlAte—inAte—iH3At.“)N
1) H:H1+H2+H3+
+ Operations to control quantum info * .. Or any unitary operation

Single-qubit rotations

Phase gate
Entanglement (CNOT)
0) —H mL
000)+|111)
0) D L NG
0) U GHZ state

Zoller Nature 2019
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Trapped ions 0Ca* “OCat jon qubit oAt Sci-Rep. 2008
N 4P — | 7
- Coulomb stabilized ion string(up 5 ol — |
to ~100 ions) in a trap A0 T~ 1sec i’m F > 0.9999
5/2 5 el _
- Qubit encoded in two atomic levels o
S o4
Single-qubit operations via optics 4S,, ~%£ £
0.2}

ﬁAL=_d\E_QVE+ % 5 10 15 20 25

Pulse length (us)

Dipole Quadrupole

- Two-qubit operations mediated by
phonons (up to 20 ions)

Hpp = 1Q(e)(gla+h.c. &3 o

Trap electrodes
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Digital quantum simulation: QED and beyond
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Long-range spin model Schwinger mechanism Blatt/Zoller Nature 2016
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What about non-Abelian
SU(2) Yang-Mills?

Z Z [ TUan+1¢n+1b+HC]
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Calajo et al. (UNIPD),
arXiv:2403.07110
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E.g. Fermi-Hubbard model

=—JZAT +UZ ;41 |
(ij),o0

Unsolved ind = 2

Candidate to describe high-Tc SC
Simplest model for strongly-
correlated fermionic systems

Mott

Strange metal

Temperature

The ultracold atoms toolbox

|dentify fermionic (alkali) atoms

61 i, *YK at nanoKel

Trap in a (optical) lattice geometry

V(r) = — a'(w) | E(r) |

Measure quantum states

Microscope: single-atom
resolution

Greiner Nature 2009

Dynamics: correlations
spreading

Distance, d
C )/
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Time, t (R/J)

'Bloch Nature 2012
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Spectroscopy: Measure
gaps, dispersion, states
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Analog quantum simulation

E.g. Fermi-Hubbard model

—X 1 . .
U . T ~ U: Mott insulator physics
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T ~ J?/U: Antiferromagnetism

Greiner Nature 2017
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non-Fermi liquid, new 5 A8 8

guasiparticles and critical
properties
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Fermi-Hubbard model

Bose-Hubbard model H= - JZ> i,o Cio Tt UZ 47 )
(i),0
== JZ) 4+ Z ;= 1) Quantum spin model
(ij
LI
)

Jaksch PRL 1999

Greiner Nature 2002 Bloch Nature 2012 Achievements
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S RN - Lattice gauge theories
. . i - Synthetic dimensions
Superfluid Mott insulator 0ol . Quantum magnetism
J>U U>J ] - Dipolar quantum phases
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Higgs Mode
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E Rydberg blockade
A A Rydberg level y J
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Phases with no local order:
defies Landau paradigm of
phase transitions
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Rydberg blockade Lukin Nature 2024

- Entanglement generation
- Two-qubit gates
- Error correction

a
Logical qubit storage Ancilla qubit reservoir
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Many-body phases and dynamics Two-body bound states

DMRG numerical simulation
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PADOVA E LA NUOVA SFIDA DEL
COMPUTER QUANTISTICO

Convegno incentrato sul progetto “Quantum
Computing and Simulation Center” (QCSC)
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