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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

© 2021 IBM Corporation
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Quantum computing Origin and fundamentals

gates = unitary operators

© 2021 IBM Corporation

Controlling a qubit
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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:

|i1 · · · in⟩ := |i1⟩ ⊗ · · · ⊗ |in⟩ i1, . . . , in ∈ {0, 1}

|Ψ⟩ :=
∑

i1...in
αi1...in |i1 · · · in⟩, αi1...in ∈ C

• Ex. 2-qubits:
Simple product states, 1√

2(|00⟩+ |10⟩) = 1√
2(|0⟩+ |1⟩)⊗ |0⟩

“Correlated” or “entangled” states such as Bell’s

|Ψ00⟩ := 1√
2
(|00⟩+ |11⟩) := 1√

2
(|0⟩ ⊗ |0⟩+ |1⟩ ⊗ |1⟩)
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Quantum computing Origin and fundamentals

gates 2

© 2021 IBM Corporation

quantum operators :

classical
operators

H operator (Hadamard)

|0⟩
1
2

|0⟩ + |1⟩

creates equal superposition of states |0⟩ and |1⟩

Control-Not operation

creates quantum entanglement of two qubits

controler

target

target qubit state is flipped if 
and only if the control qubit is
in state |1⟩
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Quantum computing Origin and fundamentals

Quantum circuit

© 2021 IBM Corporation
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Quantum computing Origin and fundamentals

Complexity classes: hope is that BQP
∩

NP ̸= ∅
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Quantum computing Origin and fundamentals

Quantum advantage

• Quantum supremacy (Preskill 2011)
Task not achievable classically but not necessarily useful (Google AI
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
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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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Quantum computing Future

Historical perspective

IBM Quantum Development Roadmap
2019

Model
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Kernel
developers

Quantum
systems

2020 2021 2022 2023 2024 2025 2026+

Run quantum 
circuits on the 
IBM cloud

Demonstrate 
and prototype 
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Run quantum 
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100x faster on 
the IBM Cloud

Frictionless  
development 
with quantum 
workflows built 
in the cloud

Falcon
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Beyond
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Circuits Quantum 
runtime

Dynamic
circuits

Circuit libraries Advanced control systems

Prebuilt quantum 
runtimes

Prebuilt quantum + 
classical runtimes

Natural Sciences

Natural Sciences

Circuits Programs Applications

Optimization

Finance

Machine Learning

Optimization

Finance

Machine Learning

IBM Cloud

Call 1K+ qubit 
services from 
Cloud API and  
investigate 
error correction

Enhance quantum 
workflows through 
HPC and quantum 
resources 

Quantum application modules

Quantum application services

Dynamic circuits for 
increased circuit 
variety, algorithmic 
complexity
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Applications to quantum chemistry Choosing the encoding
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Applications to quantum chemistry Choosing the encoding

wave function encoding
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Applications to quantum chemistry Designing a quantum algorithm

VQE based algo
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Applications to quantum chemistry Benchmarking quantum circuit

ATOS simulator
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Applications to quantum chemistry Benchmarking quantum circuit

Tequila
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Applications to quantum chemistry Quantum computing on the cloud

Xanadu
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Applications to quantum chemistry Quantum computing on the cloud

QISKIT composer
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Applications to quantum chemistry Landmark calculations

Chemical applications

© 2019 IBM Corporation          #IBMQ 1
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Li H

10X better
using software-based 

error mitigation

Hydrogen (H2): 2 qubits                                              Lithium Hydride (LiH): 4 qubits                                     Beryllium Hydride (BeH2): 6 qubits
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Concluding remarks
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Concluding remarks Technological proposals

Theoretical chemists have proposed:

1 Chemical systems as candidates for making quantum devices.

Csaba Fábri, Sieghard Albert, Ziqiu Chen, Robert Prentner and Martin Quack, Phys. Chem.
Chem. Phys. 20, 7387 (2018) A molecular quantum switch based on tunneling in
meta-D-phenol C6H4 DOH

2 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
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Concluding remarks Chemical applications

Theoretical chemists have designed quantum algorithms to:
1 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

2 Calculate molecular energies (by solving Schrödinger equation for
electrons, nuclei or both)

Yudong Cao, Jonathan Romero, Jonathan P. Olson, Matthias Degroote, Peter D. Johnson,
Mária Kieferová, Ian D. Kivlichan, Tim Menke, Borja Peropadre, Nicolas P. D. Sawaya, Sukin
Sim, Libor Veis, and Alán Aspuru-Guzik, Chem. Rev. 119, 10856 (2019), Quantum Chemistry
in the Age of Quantum Computing
Sam McArdle, Suguru Endo, Alán Aspuru-Guzik, Simon C. Benjamin, and Xiao Yuan, Rev.
Mod. Phys. 92, 015003 (2020) Quantum computational chemistry
Alessandro Rossi, Paul G. Baity, Vera M. Schäfer, Martin Weides, Int J Quantum Chem. 121,
e26688 (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. Schäfer, M. Weides, Int J Quantum Chem. 121, e26688 (2021)
Quantum computing hardware in the cloud: Should a computational chemist care?
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