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Quantum computing Origin and fundamentals

Feynman's seminal ideas
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Quantum computing Origin and fundamentals

Feynman's seminal ideas

“(...) with a suitable class of quantum machines you could imitate any
quantum system,(...)." ~- idea of a quantum computer for quantum
systems

“What, (...), is the universal quantum simulator?” ~~ idea of the
equivalent of a Turing machine for quantum computing

“If you had discrete quantum systems, what other discrete quantum
systems are exact imitators of it, and is there a class against which
everything can be matched?” ~~ idea of quantum complexity classes

“another system such that at each point in space-time this system has
only two possible base states. Either that point is occupied, or
unoccupied—those are the two states” ~- idea of qubits as a two-level
systems
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Quantum computing Origin and fundamentals

Qubits
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Quantum computing

unitary operators

U Y99QYYy

Controlling a qubit
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Origin and fundamentals
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Quantum computing Origin and fundamentals

multi-qubit systems

Register of n-qubits:
Hilbert space = tensor product of the Hibert spaces of each qubits

Notation:
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Quantum computing Origin and fundamentals

gates 2
= > quantum operators :
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Quantum computing Origin and fundamentals

Quantum circuit
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Quantum computing Origin and fundamentals

Complexity classes: hope is that BQP() NP # ()

Table 1 Polynomial time complexity classes are separated by the resources the computer has access to while the non-deterministic polynomial time complexity classes
are characterize by the resources of polynomial time computational verifiers

Class Name Computer type taking only poly. time

P Polynomial time Turing machine

BPP Bounded error probabilistic polynomial time Turing machine with access to random number generator
BQP Bounded error quantum polynomial time Turing machine with access to quantum resources

Class Name Verifier’s computer type taking only poly. time

NP Non-deterministic polynomial time Turing machine

MA Merlin-Arthur Turing machine with access to random number generator
QMA Quantum Merlin-Arthur Turing machine with access to quantum resources

This journal is © the Owner Societies 2013 Phys. Chem. Chem. Phys, 2013, 15,397-411 | 401
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Quantum computing Origin and fundamentals

Quantum advantage

Quantum supremacy (Preskill 2011)
Task not achievable classically but not necessarily useful (Google Al
Quantum 2019)

Quantum advantage:
Useful task where QC performs better than the best classical computer
with the best classical algorithm in a broad sense, could be better
approximate solution to an optimization pb under constraints, less power
consumption, lower manufacturing cost, but in general:

Quantum speedup:
does not necessarily implies a complexity class lowering, can be just a
decrease in polynomial power within P, but the holy grail is going from
exponential to polynomial cost ~~ Quantum Chemistry
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Quantum computing Origin and fundamentals

Quantum computer classification

Fault tolerant QC
circuit based + error correction method

Adiabatic QC
based on the adiabatic theorem; polynomially equivalent to FTQC

Noisy Intermediate Scale Quantum Computers:
circuit based; noise = errors depending on gate type; limited nb of qubits

Quantum annealer:
Adiabatic QC + noise; D-WAVE many qubits but low connectivity

(connectivity limits the NP pbs you can treat on a given hardware, Aida
Todri-Sanial)
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Quantum computing Origin and fundamentals

NISQ Limitations ~~ importance of the transpiler

Limitations:
» Few qubits + Short coherence times

Measure

?_ Gate
E ®-

9|9

0"
Y

9]9)9

(LJAD) NISQ Computers, a chemist point of view Nice 04/03/2022 13/28



Quantum computing Present

Historical perspective

We are in the early stages of a rapidly
advancing new computing technology

Classical Computer 1944 Quantum Computer 2019
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tum computing

Historical perspective

IBM Quantum Development Roadmap

2019 2020 2021 2022 2023 2024 2025 2026+
| Frictionless Call 1K+ qubit Enhance quantum
ciruuits on the and prototype applications i ircu i
IBM cloud quantum 100x fester on variety, algorithmic  with quantum Cloud APTand HPC and quantum
applications the I8M Cloud complexity workfiows built investigate resources
inthe cloud error comection

Quantum application services

Natural Sciences  Finance

Model
developers Optimization Machine Learning

Quantum spplication madules
Algorithm Natural Sciences Finance Prebuilt quantum Prebuilt quantur +

intimes. classical runtimes

developers Optimization Machine Learning i icat i
Kemel Quantum Dynamic Circuitlibraries Advanced control systems
developers runtime circuits
Quantum Falcon Hummingbird Eagle Osprey Condor Beyond
systems 27 qubits 65 qubits 127 qubits 433 qubits 1121 qubits 1K- 1M+ qubits
1BM Cloud

Circuits Programs Applications
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Applications to quantum chemistry Choosing the encoding

9 Applications to quantum chemistry
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Applications to quantum chemistry

wave function encoding
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e Compact wave function
representation (requires
fewer qubits)

e Takes advantage of
‘lassical
electronic-structure theory
to improve performance

Advantages

e Already experimentally
implemented
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Applications to quantum chemistry Designing a quantum algorithm

VQE based algo

Variational Quantum Eigensolving, Peruzzo ‘14

quantum processor

Initial Final
guess (QPU) energy
- state preparation .
B0 lwg) = Ugldo) 6"

energy evaluation
Eg = (YglHIYgz )

Classical Variational
arameters energy

3
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classical processor
minimizer
(COBYLA, BFGS, etc)
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Applications to quantum chemistry Benchmarking quantum circuit

ATOS simulator

# myQLM documentation
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Welcome to the myQLM documentation

myQMisaq forwriing, imulating, optimizing, and executing Through aPython inteface, it provides

BASICUSAGE + powerful semantics for manipulating quantum ciruit, with support for universal as well s et

. forrunning quantum jobs, incudi ables, special plugins for carying out NISQ-oriented variationa
5 e.g for compilation o erro mitigaton), as el as for connecting to any Quantum Processing Unit (QPU}

+ aseamless interface to 2 4 s,

(such as VQE. QAOA), and easy API for wri

Instaling myQLM

Getting started

Wrting quantum i
Executing quantum ciruits Basic usage
Runnin vratonsl

« Intalling myQLM
Conbina fion

Interoperabity with myQLM

ADVANCED USAGE

Main objects:obs,

+ Combinatorial opt

+ Interoperabilty with myQLM

Buiding custom

Advanced usage

ced combinatorl opimizaton + Mainobje

+ Building custom execution

The AQASM fom

Command

SOURCE CODE DOCUMENTATION
Source code documentation

ADDITIONALINFORMATION Source code documentation

Support

+ Source cumentation

ook

Quantum Appiication ToolChain (QAT) Python libraries

Th

) NISQ Computers, a chemist point of view Nice 04/03/2022 19/28



Applications to quantum chemistry Benchmarking quantum circuit

Tequila

[ albacl github.o

Alba Cervera-Lierta

Tequila: A platform for rapid
development of quantum
algorithms

Abstract
Variational quantum algorithms are currently the most promising class of algorithms on
near-term quantum computers. In contrast to classical algorithms, there are almost no
standardized methods yet, and the field continues to evolve rapidly. Similar to classical
thods, heuristics play a crucial role in of new quantum algorithms,
resulting in a high demand for lexible and reliable ways to implement, test, and share new
ideas. Inspired by this demand, we introduce Tequila, a development package for quantum
algorithms in python, designed for fast and flexible implementation, prototyping and
deployment of novel quantum algorithms in electronic structure and other fields. Tequila
P abstract expectation , transformed,
differentiated, and optimized. On evaluation, the abstract data structures are compiled to
fun on state of the art quantum simulators or interfaces.

Type
Quantum Science and Technology 6 024009 (2021).

Quantum Computing | NISQ Algrithms  Quantum Machin Le

Alba Cervera-Lierta
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Quantum computing on the cloud

Applications to quantum chemistry

Xanadu

?FAQ O Support O GitHub

STRAWBERRY FIELDS  QuantumPhotonics Install  Documentation

Using Strawberry Fields . "
" y Strawberry Fields Documentation

GBS dataset

Development

ent guice
Developing

APIL

o Using SF
Research and contbutr
oo
AP
Features

+ Execute photonic quantum algorithms directy on Xanadu's next
generation q nardware ’

Ighvievel functions for solving practical problems including graph

and network optimization, machine learning, and chemistry

fudes a suit of woridclass simula ting @

algorithms—to compile and simute photonic algorithms

stio Train and optiize your quantum programs with our end-to-end
differentiable TensorFlow backend

<tprogam How to cite
stprogram.uls
ol 1fyou are coing research using Strawberr Fieids, please cite our papers:
stacm
Strawbery Filds: A Software Pltform for Photonic Quantum Computing’, Quanium, 3, 129 (2019)
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Applications to quantum chemistry

QISKIT composer

3 IBM Quantum Composer

Quantum computing on the cloud

O Composer files File  Edt  Inspec Composerbeta
D 2fles 7 My first circuit
® Name Updated

BAODREEEEREN D Z AN DCOEENER o :

=1 My firstcircuit

=1 First Experiment

Probabilties v [6)
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Applications to quantum chemistry Landmark calculations

Chemical applications

WSioHT

o 11ATUICo [

Hydrogen (Hz): 2 qubits Lithium Hydride (LiH): 4 qubts Beryllium Hydride (BeH2): 6 qubits

1BM 2018

POSTTION ; . . . 10X better
r i ac i ¥ ” Hm” ”I w . using software-based
o error mitigation

©20191BM Corporation  #1BMQ.
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Concluding remarks

© Concluding remarks
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Concluding remarks Technological proposals

Theoretical chemists have proposed:

@ Chemical systems as candidates for making quantum devices.

Chem. Phys. 20, 7387 (2018) A molecular quantum switch based on tunneling in

Csaba Fabri, Sieghard Albert, Zigiu Chen, Robert Prentner and Martin Quack, Phys. Chem.
meta-D-phenol C6H4 DOH ’

@ Chemical systems as candidates for making qubits

K. Shioya, K. Mishima and K. Yamashita, Mol. Phys. 105, 1283 (2007) Quantum computing
using molecular vibrational and rotational modes

D. Weidinger and M. Gruebele, Mol. Phys. 105, 1999 (2007) Quantum computation with
vibrationally excited polyatomic molecules: effects of rotation, level structure, and field
gradients

D. Weidinger and M. Gruebele, Chem. Phys. 350, 139 (2008) Simulations of quantum
computation with a molecular ion

Qi Wei, Sabre Kais, Bretislav Friedrich, and Dudley Herschbach, J Chem. Phys. 135, 154102
(2011) Entanglement of polar symmetric top molecules as candidate qubits

(L
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Concluding remarks Chemical applications

Theoretical chemists have designed quantum algorithms to:

@ determine molecular structures (by finding global minima with a
modified Grover's algorithm)

Zhu Jing, Huang Zhen and Kais Sabre, Mol. Phys. 107, 2015 (2009) Simulated quantum
computation of global minima J

@ Calculate molecular energies (by solving Schrédinger equation for
electrons, nuclei or both)

Yudong Cao, Jonathan Romero, Jonathan P. Olson, Matthias Degroote, Peter D. Johnson,
Méria Kieferova, lan D. Kivlichan, Tim Menke, Borja Peropadre, Nicolas P. D. Sawaya, Sukin
Sim, Libor Veis, and Aladn Aspuru-Guzik, Chem. Rev. 119, 10856 (2019), Quantum Chemistry
in the Age of Quantum Computing

Sam McArdle, Suguru Endo, Alan Aspuru-Guzik, Simon C. Benjamin, and Xiao Yuan, Rev.
Mod. Phys. 92, 015003 (2020) Quantum computational chemistry

Alessandro Rossi, Paul G. Baity, Vera M. Schafer, Martin Weides, Int J Quantum Chem. 121,
€26688 (2021) Quantum computing hardware in the cloud: Should a computational chemist
care?
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Concluding remarks Chemical applications

Recent review

A. Rossi, P. G. Baity, V. M. Schifer, M. Weides, Int J Quantum Chem. 121, e26688 (2021)
Quantum computing hardware in the cloud: Should a computational chemist care? J

TABLE 1 Quantum computing hardware in the cloud (a non-exhaustive selection)

Gate fidelity Simulated
Manufacturer Platform Cloud access Max # qubits (1-qubit, 2-qubit) Max QV molecules
IBM Superconducting IBM Quantum 15 (Melbourne) 99.97%, 99.16% 32 (Santiago) Ha, LiH, BeH,, NaH,
Experience (Open (Santiago) KH, RbH
access)
lonQ Trapped lons Microsoft Azure or 11 99.50%, 97.50% Not published H,0
Amazon Bracket
QuTech Silicon Quantum Inspire 2 (Spin2-QPU) ~ 99%, ~ 90% Not published none
Google Superconducting Google Quantum Al 53 (Sycamore) 99.85%, 99.35% Not published H2Na, He, Hg, Hio,
Hiz
Rigetti Superconducting  Rigetti Quantum 31 (Aspen-8) 99.8%, 95.9% 8 (Aspen-4) NaH, H,
Cloud
Honeywell Trapped lons Microsoft Azure or 10 (H1) 99.97%, 99.5% 128 None

Amazon Bracket

Note: Wherever more than one QPU is available, the relevant machine is indicated within brackets. Simulated molecules column denotes experiments run
with any quantum machine from the relevant manufacturer, not necessarily one of those listed. IBM hardware considered is limited to open access
services. Google cloud services are limited to emulators at present, although the reported chemical simulations have been performed with proprietary
physical hardware.
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