
⟨ 137 | 1WQC | 3D NAND | 2DEG | Abelian | ABRC | Active space | Active Volume | ADAPT-VQE | Adaptive quantum circuits | ADC | AC Stark shift
| Adiabatic | Adiabatic theorem | ADR | Advantage | aka | AKLT state | Algorithm | Algorithmic qubit | Amdahl’s law | AFC | Amplitude | Amplitude
amplification | Anharmonic oscillator | Angular momentum | Anomalous heating | Ansatz | Antibunching | Anyon | arXiv | Antisymmetry | AOD | Approximate
Amplitude Encoding | Artificial atoms | ASIC | Assumptions | Atoms | Auger effect | Autonomous quantum error correction | AWG | Axion | BB84 |
Back action | Backside power delivery | Balmer series | Band gap | Balanced beam splitter | Barren plateaus | Baryon | Base temperature | BCS theory
| Beam splitter | Bell inequalities | Bell states | Bell test statistic | Bernstein-Vazirani | Basis encoding | Betti number | Bichromatic field | Bright/dark
fluorescence readout | Bias-preserving gate | Biphoton | Black body | Blind Quantum Computing | Angle encoding | Amplitude encoding | Bloch states |
Bloch sphere | Brightness | Bucket brigade | Block-encoding | Bond dimension | Born rule | Born-Oppenheimer approximation | Bose-Einstein Condensate |
Bose-Hubbard model | Boson sampling | Boson | Bosonic codes | BQP | Bra-ket | Brane | Bravais lattice | Break-even | Brillouin scattering | BSM | cADR |
Cap table | Capex | Carleman linearization | Carnot efficiency | Casimir effect | Cavity | Cavity quantum electrodynamics | CFD | CFET | Chandelier | Chern
number | Chi | Chip | Chipset | Chiplet | CHSH inequality | CIM | Circuit quantum electrodynamics | Circuit synthesis | Classical shadows | Clifford group |
Circulators | Circuit | Clock qubit | Cluster state | CLOPS | CMOS | CNOT | Coarse graining | Coaxmon | Code distance | Coherence | Coherence fraction |
Coherence length | Cold atoms | Cold plate | Cold trap | Compatible properties | Commutativity | Commutator or commutation operator | Complementarity
| Complementary variables | Complex number | Complexity | Compton effect | Computational basis | Concatenated codes | Condensed matter physics |
Conjugate variables | Concurrence | Consistent histories | Constructor theory | Contextuality | Continuous variables quantum computing | Cooper pair |
COP | Copenhagen interpretation | Coplanar waveguide (CPW) | CPLEX | Cryo-CMOS | Correspondence principle | Coulomb blockade | Coulomb force |
Counterfactuals | Counterfactual models | CPTP map | Crosstalk | Cryocooler | Cryogenics | Cryopumping | Cryostat | CSCO | CSM | Butterfly velocity |
Cuprate | CV-QKD | CVaR | CVD | DAC | DAQC | Data re-uploading | Dark count | Dark energy | Dark matter | Dark silicon | Dark state | Dark state
protocols | DCE | DCQO | DDS | DQC | De Broglie wavelength | Decoherence | Degenerate | Delayed-choice experiment | Dennard scaling | Density matrix |
Dequantization | Determinism | Deutsch-Jozsa | DFT | Dimon | DI-QKD | Dicke state | k = 0: | k = 1: | k = 2: | k = 3: | k = 4: | Diffraction | Dilution
refrigerator | Dirac’s notation | Dirac constant | Discrete log problem | Dissipation engineering | Distillation | DLA | DMRG | Domain specific architecture |
Doppler cooling | Doppler effect | DV-QKD | D-Wave | DQI | DRAG | DRAM | Dressed state | Dual-rail encoding | Dual-species | E91 | EBL | EDSR |
Eigenstate | Eigenvalue | Eigenvector | Einselection | Electromagnetic spectrum | EIT | Electron | Electron gas | Elliptic Curves Cryptography | Energetics of
quantum technology | Engineering | Entanglement | Entropy | EPLG | EPDA | Epistemology | EPR paradox | EQA | Erasure error | ERC Grants | Ergodicity |
Ergotropy | Error Correction Codes | Errors | ESR | Eta letter | EUV | Exchange-only qubit | Exciton | Exclusion principle | Expectation value | Euclidean
networks | Extended Church-Turing thesis | Fabry-Pérot cavities | FBQC | FD-SOI | Feedforward | Fermi’s golden rule | Fermi sea | Fermi-Hubbard model |
Fermions | Fine structure | FinFET | First quantization | First quantum revolution | Floquet code | Fine-structure constant | FOFI | Fluxonium | Flying qubits
| Fock space | Fock state | Flux biasing | Foliation | Fourier Transform | FPGA | Fredkin gate | Free Electron Laser (FEL) | FTQC | GAA | GAN | GAS |
Gatemon | Gate-based quantum computing | Gate teleportation | Gaussian Boson Sampling (GBS) | Gaussian state | GBS | GGSA | GHS | GHZ | Gibbs state
| Gifford-McMahon | Ginzburg-Landau theory | GKP qubits | Gleason’s theorem | GPGPU | GQE | Graviton | Green’s function | Grotrian diagram | Ground
state | Grover | GSA | Gurobi | H-bar | Hadamard | Hafnian | Hall effect | Hamiltonian | Hamiltonian simulation | Hamming distance | Harmonic oscillator
| Hartree-Fock | HBM | Heisenberg | Heisenberg cut | Heisenberg limit | Helium 3 | Helium 4 | HEMT | Hermitian matrix | Heterostructures | Heuristic
algorithm | Heralded single-photons | Helicity | Heterodyne measurement | HHL | High-NA | Hilbert | Holevo bound | Hong-Ou-Mandel effect | Hidden
variables | HOBO | Homodyne measurement | Hopfion | HPC | HPQC | HSP | HTS | Hubbard model | HUBO | Hybrid bonding | Hyperentanglement |
Hybrid quantum algorithm | Hyperfine structure | Hyperfine qubit | Iceberg code | IDR | In-memory computing | Indeterminacy principle | Indistinguishability
| Indistinguishable photons | Integrated Quantum Photonics | Interference | Interposer | Intersubjectivity | Invertible computation | Irreversible | Ion | Ion
shuttling | Ion traps | IonQ | I/Q mixer | Ising | Isotopes | IT | Jaynes-Cummings Hamiltonian | Jevons paradox | JJ | Josephson | JPA | Kapitza resistance
| Kerr effect | Ket | Klein-Gordon equation | Kochen-Specker theorem | Koomey’s law | Koopman–von Neumann | Lamb shift | Lamb-Dicke regime |
Landauer limit | Larmor frequency | Larmor precession | Laser | Lattice surgery | LCHS | LCU | Leakage errors | Learning | Leggett-Garg inequality | Leggett
inequalities | Kraus operators | Lie groups | Lindblad equation | Linear algebra | Linear optics | Lieb-Robinson bound | Light cone | LNOI | Local Friendliness
| Loophole-free Bell test | Lorentz factor | LPPT | LQG | M-theory | Many-worlds interpretation | max-LINSAT max-k-XORSAT | LLM | Locality | LOCC |
Logical Qubit | Loophole | LRU | LSTM | MAGIC | Magic states distillation | Magic state cultivation | Magneto-Optical Trap | Magnon | Majorana fermion |
Manifold | Markovian process | Matchgate circuits | Matrix | Matter wave | MAXCUT | Maxwell’s demon | MBE | MBQC | MCMC | MCMR | MDI-QKD |
MegaQuop | Meissner effect | MERA | Mesoscopic | Metaheuristic algorithm | Metal layers | Metasurface | Microring resonator | Mid-circuit measurement |
MIS | Microwave-to-optical transduction | Mixing chamber | Moore’s law | More than Moore | MRAM | MZI | Mølmer-Sørensen gate | Motional mode |
Micromotion | MNR | Mode-locked laser | Mott insulator | Mott transition | MPO | MPS | MVP | MINLP | Mixed state | MNIST | Modality | Momentum
| Multimode | Muonic atoms | Mutually unbiased bases | Nanosheet | NDR | NEMS | NFQC | NISQ | No-go theorem | Non-Clifford gates | No-cloning
theorem | No-signaling | Nonlinear optics | Nonlocality | Non-Markovian process | NMR | Non-classical light | Non-demolition measurement | Non-selective
measurement | NOON state | Noether’s theorem | Normalization | NP | NP-complete | NP-difficult | NQS | NV center | Observable | ODE | ODMR | OFHC
| On-premise | Ontology | OPA | Opex | Operator norm | OPO | OTOC | Optical molasses | Optical pumping | Optical qubit | Optical tweezer | Oracle |
Orbital angular momentum | Oscillator | Overhauser field | P | Paramp | Paul trap | Pauli | Pauli spin blockade | Pauli string | PBR theorem | PCA | PDE |
PDK | Penning trap | PEPS | Permanent | Phase Estimation Algorithm | Phase | Phase classification | Phase kickback | Phase space | Phasor diagram |
Phonon | Photoelectric effect | Photoionization | Photolithography | PIC | PIM | Photon | Photon measurement | Pilot wave | PKI | Planck constant | Planck
length | Planck units | Plasmon | PMT | PNRD | Pockels effect | Poincaré sphere | Pointer states | Polarized Beam Splitter | Polaritons | Postselection |
POVM | PQC | PQE | PQS | Prefactors | Prepare-and-measure | Private Key | Process Design Kit | Property | Psi-ontic and psi-epistemic | Public key
| PUBO | PUE | Pulse tube | Purcell effect | Purcell filter | Pure state | Purification | PVD | PVM | Q factor | Q-Score | QAA | QAE | QAI | QACM |
QAQM | QAOA | QAOA | QBER | QBism | QCCD | QCKA | QCaaS | QCNN | QCV | QFC | QET | QFHE | QFT | QGLM | QIP | QHO | QIR | QITE |
QKD | QLBM | qLDPC | QLM | QLSA | QLSP | QMA | QML | QND | QNLP | QPE | QPINN | QPU | qRAM | QRC | QRNG | QROM | QSA | QSCI |
QSP | QSDC | QSS | QST | QSVD | QROAM | QSVT | Quantics representation | Quantization | Quantronium | Quasi-locality | Quantum accelerator
| Quadrature | Quantum advantage | Quantum algorithm | Quantum annealing | Quantum batteries | Quantum channel | Quantum Chaos | Quantum
chromodynamics | Quantum circuit | Quantum cognition | Quantum computer | Quantum Conference Key Agreement | Quantum Darwinism | Quantum
data center | Quantum dots | Quantum Electro-Dynamic | Pauli propagation | Quantum emulator | Quantum energetics | Quantum engineering | Quantum
Field Theory | Quantum Fisher Information | Quantum foundations | Quantum gates | Quantum Hall effect | Quantum hydrodynamics | Quantum Internet
| Quantum jump | Quantum kernel | Quantum capability learning | Quantum logic | Quantum matter | Quantum medicine | Quantum Non Demolition
measurement | Quantum numbers | Quantum postulates | Quantum Physical Unclonable Functions | Quantum repeater | Quantum reservoir computing |
Quantum reservoir engineering | Quantum resource estimator | Quantum simulator | Quantum speed limit | Quantum spin liquid | Quantum state | Quantum
state tomography | Quantum Steering | Quantum supremacy | Quantum switch | Quantum teleportation | Quantum thermodynamics | Quantum transduction
| Quantum trajectories | Quantum utility | Quantum variational circuits | Quantum volume | Quantum walk | Quantum Zeno Effect | Quasiparticles | Qubit
| Qubitization | QUBO | Qudits | Quench | Qumode | Qunat | Ququart | Qutrit | QWOA | Rabi | Racetrack | Raman cooling | Raman effect or Raman
scattering | Raman spectroscopy | Raman transition | Ramsey experiment | Rayleigh scattering | RBM | Realism | Rebound effect | Reduced Planck constant
| Reflectometry | Register | Relational quantum mechanics | Relaxation | ReLU | Renormalization | Renyi entropy | Repumping | Reticle limit | Retrodiction |
Reversible computing | RIE | RSA | RUS | RSG | Rydberg state | Rydberg blockade | Sapphire | SAT | Scrambling | Scale-out | Scattering | Schrödinger |
Schrödingerization | Schrödinger wave function collapse | SDP | LP | MIP | ILP | Second quantization | Second quantum revolution | SED | Semiclassical
QFT | Semi-classical light | SFQ | Shelving | Shor | Shortcuts to Adiabaticity | Sideband | Silicon 28 | SIMD | Simon | Single mode | SKR | Singlet-triplet
qubit | Sign problem | Sisyphus cooling | Skyrmion | SLM | SNAQ | SNSPD | SoC | SOI | SPAC | SPAD | SPAM | Spectral lines | Spectral decomposition |
Spin | SpinBus | Spin-to-charge conversion | Spin-boson model | Spin glass | Spinor | Spintronics | Spontaneous emission | Spontaneous Four-Wave Mixing |
Spontaneous Parametric Down-Conversion | SPOQC | Squeezed states of light | Squeezing | SQUID | SRAM | Stabilizer gates | Standard model | Standard
quantum limit | Stark shift or Stark effect | State reduction | Retargetability | Strong simulation | State vector | Stationary qubits: stationary | Stern-Gerlach
experiment | Still | Stimulated emission | String theory | Sturm–Liouville problem | Superabsorption | Superatom | Superconductivity | Superdense coding |
Superdeterminism | Superfluidity | Supersonic propagation of correlations | Superoperator | Superposition | Superradiance | Superselection | Supersolid |
Surface codes | Surface trap | SVD | SVM | SWAP | s-wave, p-wave and d-wave | SWSPD | SYK | Symmetry | Sympathetic cooling | Szilard engine | T gate
| T-count | T-depth | Tachyon | Tau scaling law | TCI | TCO | TDA | TDP | Technology node | Tensor network | TF-QKD | TFLN | TES | THC | Theory of
everything | TSP | T1 | T2 | Tabu search | TDSE | Tensor | TeraQuop | Thermodynamics first law | Thermodynamics second law | Time crystal | Time
domain | Time reversal | Toffoli | Topological | Topological insulator | Time-bin entanglement | Tsirelson bound | Transmon | Transpiler | Transpilation |
Transversal gates | Trapped ions | Trotterization | Trusted node | TSV | TTN | TTSB | Tunnel effect | Twistronics | Two-Level Systems | TWPA | Type I and
type II superconductors | UCC | UHV | Ultraviolet catastrophe | Unary iteration | Unary gates | Uncompute trick | Unconventional Computing | Unitary
operation | Universal quantum computer | Universal quantum gates | Unruh effect | Vacuum fluctuation | Vacuum polarization | Value migration | Variational
algorithm | von Klitzing constant | VQA | VQC | VQE | VQLS | Wafer-scale engine | Warm start | Weak simulation | Wave packets | Wave-particle duality |
Wavicle | Weyl fermion | Wien’s displacement law | Wigner crystal | Wigner function | Wigner’s friend | WIMP | X | XY gates | Y | Z | Zeeman effect |
Zeeman slower | Zeeman qubit | Zero-point energy | Zoo | ZX calculus ⟩
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1 About these takeaways

“Understanding Quantum Technologies” was released at
the end of September 2026 in its Ninth edition. This
version is about 1,822 pages long and is available as a
free-to-download PDF in various formats (A4, Letter,
single or five parts) on this link.
It will also be available as a paperback edition in five vol-
umes on Amazon (prologue, computing hardware, com-
puting software, communications and sensing, ecosys-
tem).
This book is a kaleidoscope for quantum technologies
with a 360◦ perspective encompassing historical, scien-
tific, technological, engineering, entrepreneurial, geopo-
litical, philosophical, and societal dimensions. It is not
a quantum for dummies, babies, or your mother-in-law
book. It mainly targets three audiences: information
technologies (IT) specialists and engineers who want to
understand what quantum physics and technologies are
about, and decipher its ambient buzz, all participants
in the quantum ecosystem from researchers to industry
vendors and policy makers, and finally scientific students
who would like to investigate quantum technologies as
an exploratory field.

”Knowledge is a process of piling up facts; wisdom
lies in their simplification”.

Martin H. Fischer, German-born American Physi-
cian - Teacher - Author (1879-1962).

It is a very large book, but it can also be considered
a collection of books. One on quantum physics his-
tory and fundamentals, another on quantum computing
hardware, one on quantum computing programming,
software and applications, yet another one on quantum
communication and cryptography, and on quantum sens-
ing, on quantum geopolitics, an inventory of quantum
industry vendors with over 970 being described in the
book, etc. But they are all tied together in a consistent
manner.
For your convenience, I have extracted the key take-
aways that are at the end of each part and included a
couple of key illustrations in this short version to create
this 42-page special edition of the book.
Olivier Ezratty, September 2026
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2 Why...

• This book is unique in its shape, structure and length. It covers quantum technologies with a 360◦ approach. It
is more scientific than most broad-reach publications, outside research review papers. It is a good appetizer for
those who want to investigate the matter whatever the angle. It covers the broad field of quantum science and
technologies with fundamental science and engineering viewpoints, but also through an economic and geopolitical
lens. It contains an extensive bibliography with over 11,700 references, mostly scientific papers. It tries to answer
many commonplace questions that are not well addressed in broad audience scientific and business publications.

• Many enabling devices used in existing digital technologies, including transistors and lasers, rely explicitly on
quantum physics and are commonly associated with the “first quantum revolution”. They exploit light-matter
interactions in large ensembles of quantum objects such as electrons, atoms and photons and in semiconductors.
The “second quantum revolution” is an expression coined in 2003 for a newer generation of quantum technologies
that relies on a variable mix of superposition, entanglement and control of individual quantum objects. It usually
includes quantum computing, quantum telecommunications, quantum cryptography and quantum sensing.
Quantum matter applications are a newer addition to this list that is also described in this book.

• Quantum technologies are at the crossroads of many scientific domains encompassing physics, mathematics,
computing, social sciences and economics. This creates new educational and pedagogical challenges that must
be addressed in innovative ways and customized for various audiences. This book targets broad audiences
with a technical background, including computer science engineers, but also quantum physicists and quantum
information scientists who want to have a broad view of the field and its burgeoning ecosystem.

• Quantum computing may accelerate selected problems for which suitable quantum algorithms and favorable
end-to-end resource scaling are known. It does not make all classically intractable problems tractable. Enormous
challenges must still be overcome to scale quantum computers beyond today’s relatively modest systems. In the
interim, noisy intermediate-scale quantum computers (NISQ) may provide useful improvements for some specific
tasks, while analog quantum computers are other candidates for demonstrating quantum advantage on selected
problems.

• Moore’s law has not ended yet, particularly with regard to the number of transistors per chip. Classical
computing continues to advance and remains much better suited than existing quantum computers to workloads
involving large volumes of classical data. Data loading speed and big-data applications will remain key strengths
of classical computing for the foreseeable future.

• Other new technologies may compete with quantum computing and belong to the broad “unconventional
computing” category. Some may provide advantages for specific problem classes, including combinatorial
optimization, but no generic exponential computing capacity should be inferred without a problem-specific
complexity analysis and comparison with the best classical methods. Other approaches may instead provide
benefits such as lower energy consumption. Technologies based on superconducting electronics and adiabatic or
reversible computing could also help enable scalable quantum computing, particularly with superconducting
qubits.

• At last, this part contains an inventory of 12 key misconceptions on quantum computing.
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Common quantum technologies misconceptions

Misconception Explanation

Quantum computing is
fast or instantaneous.

While quantum algorithms may be faster than their classical equivalents in a
quantum advantage regime, they can be quite slow and run for hours, days if
not months and more.

Quantum computing
speedups are explained

by the Hilbert space
dimension of a qubit

register (2N ).

The number of computational-basis states indeed scales exponentially with
the number of qubits but it doesn’t explain the potential quantum algorithms
speedups. It depends on many factors like the type of qubit gates used, how the
data is loaded in the quantum circuit, its degree of entanglement and, above
all, the structure of the problem.

Quantum computers
will soon break RSA
keys and all Internet

cybersecurity.

We’d need at least 100,000 physical qubits to break an RSA-2048 key in less
than a year according to the latest 2026 estimates. We are many years away if
not largely more than a decade away from this mark at best. So far, progress
has been better with reducing quantum circuit size than improving hardware
scaling.

Quantum computing
will enable larger big

data applications.

Not really. Quantum computers are slower by several orders of magnitude to
feed with data compared to classical computers. This could slightly improve
with the use of quantum sensor data or with advanced compression techniques.

Quantum computing
will solve the LLM

energy crisis.

Probably not. Loading both training data and a trained model in a quantum
circuit would be prohibitively slow even for modest-size LLMs, and just for
getting one response token!

Quantum computing
will progress following

some Moore’s
exponential law.

While qubit numbers are making progress and did fit some exponential trend
for some time, and then stalled, it is not the case with qubit fidelities and many
other figures of merit, particularly at scale. Researchers are still struggling to
scale the number of qubits and keep good fidelities.

Quantum computing is
business-ready now.

Many analysts and vendors would like you to believe it with NISQ, but it is
not yet the case for industry grade applications. The few applications nearing
quantum advantage are most of the time physics simulations far from industry
use cases.

Quantum computing
will (soon) help fix

climate change.

It may enable some research in innovative chemical engineering, but this will
require large-scale fault-tolerant quantum computers which are decades away.
We’d better fix climate change with classical methods in the meantime.

China is investing
between $15B and
$25B in quantum

technologies and is
beating all other

geographies.

This is probably not true or at least not verified nor decomposed in detail.
Estimates range from $5B to $10B over 10 years. The $15B to $25B investment
mark comes from a questionable 2017 statement on the Hefei lab buildup. This
number has not changed since 2017! But China is faring well in many domains
like in photonic quantum computing, quantum communications and quantum
sensing.

Government funding
and private investment

means it will work.

Money can buy time, but the laws of physics make this hard. Creating viable
quantum computers requires more iterations in component design and manufac-
turing, along a complex value chain.

Quantum
communication will
replace the Internet

with faster
transmission speed.

Quantum communication’s main purpose is to enable the creation of symmetric
encryption keys between trusted parties, not to speed up data communications.
It will also enable the connection between multiple quantum computers by
entanglement-based quantum communication links, but not faster than light.
All these techniques need some classical links on top of quantum links.

Quantum computers
will save energy.

We are not so sure about it, particularly with large scale fault-tolerant systems.
This is an area of investigation and optimization.

Table 1: 12 misconceptions on quantum computing and communications c Olivier Ezratty, 2024-2026.

Why... – 3



3 Quantum physics history and scientists

• A first wave of 19th century scientists laid the groundwork that helped create quantum physics afterwards
(Young, Maxwell, Boltzmann, mathematicians). The photoelectric effect, black body spectrum, atomic emission
or absorption spectra as well as the Zeeman effect could not be explained with the theoretical frameworks of
classical physics and thermodynamics of the 19th century.

• Starting with Max Planck in 1900, a second wave of scientists (Einstein, De Broglie, Schrodinger, Heisenberg,
Dirac, Born, Von Neumann, ...) created the field of quantum mechanics, or quantum physics, to describe
light-matter interactions, energy quantization and wave-particle duality. It explained many previously unresolved
19th century experiments while raising new questions about the nature of reality at the nanoscale. 1925 was
a pivotal year with the work of Werner Heisenberg, Erwin Schrödinger and Max Born, who laid much of the
groundwork of quantum physics as it is still used today.

• Many of these scientists made major theoretical contributions, while other researchers made landmark experi-
mental discoveries such as superconductivity, electron interference and the Stern-Gerlach experiment. Some
scientists contributed to both theory and experiment. Quantum physics also relies on a significant body of
mathematics, including linear algebra and group theory. After World War II, enabling device technologies such
as transistors and lasers increasingly relied explicitly on quantum physics, as part of what is now called the first
quantum revolution.

• Since the 1980s and thanks to advances in individual quantum objects control (atoms, electrons, photons) and
the usage of quantum superposition and entanglement, new breeds of technologies were created, most of them
belonging to the “quantum information science” field and being part of the second quantum revolution. Many of
these research programs were funded by governments after Peter Shor’s integer factoring algorithm was created.

• This part showcases many contemporary quantum scientists in quantum physics and quantum information
science from around the world with their key contributions. This hall of fame covers many generations, including
young brilliant scientists in their 30s.

• While the first quantum revolution was driven by research coming mostly out of Europe, the last wave comes
out of all countries across several continents (North and South America, Europe, Asia/Pacific).

• This book also describes how research works in general and particularly in quantum physics and information
science. It explains how scientific papers are written and communicated, how researchers are evaluated, and
how quantum-technology readiness level can be assessed. It provides some insights on how to analyze and rate
scientific papers. It also describe how LLM-based generative AI is transforming, if not disrupting, this whole
field like most scientific fields.
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Figure 1: Quantum physics foundational years timeline. In green, experimentalist works, in black, theoretician works. The
gold coins represent a Nobel prize. c Olivier Ezratty, 2021-2025.
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4 Quantum physics 101

• Quantum physics is based on a set of postulates and a linear algebra mathematical formalism. Surprisingly,
there are many variations of these postulates. There is not a single bible or reference for these, illustrating the
diversity of pedagogies and interpretations in quantum physics. One big underlying question is “what is reality”.
But although deemed incomplete, the theory has been validated by an incredible number of experiments and to
extreme precision.

• Quantum physics describes the behavior of matter and light at the nanoscale level, but it can in some conditions
extend to larger objects like molecules or even artificial atoms like superconducting currents, Bose Einstein
condensates and quantum dots. It deals not only with atoms, electrons and photons which are used in quantum
information technologies but also with all elementary particles from the standard model (quarks, ...). However,
we don’t use or need to look at this level of granularity in most quantum technologies.

• Quantumness comes from the quantization of many properties of light and matter that can take only discrete
values, from the wave-particle duality of massive particles such as atoms and electrons and massless particles
such as photons, and from phenomena such as superposition and entanglement. Atoms, electrons, nucleons and
photons can be described by quantum numbers associated with particular observables, while quantum systems
can also have continuous observables such as position and momentum. Schrödinger’s cat is a thought experiment
about measurement, entanglement and macroscopic definiteness. Macroscopic quantum superpositions are not
forbidden merely by an object’s size, but environmental decoherence suppresses their observable coherence
extremely rapidly in ordinary conditions.

• The Heisenberg uncertainty principle states that the statistical uncertainties of incompatible observables obey
uncertainty relations, for example ∆x ∆p ≥ ℏ/2 for position and momentum. Quantum squeezing can reduce
the uncertainty of one observable at the cost of increased uncertainty in an incompatible observable. Optical
squeezing is used in gravitational-wave interferometers such as LIGO and in other areas of quantum photonics and
sensing. The uncertainty principle is not restricted to continuous observables: incompatible discrete observables
also obey uncertainty relations, whereas commuting observables can in principle be measured jointly. This part
also looks at the role of measurement and symmetries in quantum physics.

• Quantum matter and fluids are showing up with composite elements associating light and matter, or with
superfluidity and superconductivity where boson quantum objects can behave like a single quantum object. You
find there a wealth of strange phenomena such as skyrmions, magnons, topological insulators and quantum
batteries. They could lead to a new chapter in the second quantum revolution.

• Quantum physics also explains weird effects like vacuum quantum fluctuation, although it doesn’t violate the
second principle of thermodynamics, nor can it lead to the creation of some free energy sources.

• Most quantum physics phenomena described in this section have or will have some use cases in quantum
information science and technologies. Sometimes, the same quantum objects and properties like cold atoms can
be used across quantum computing, quantum sensing and quantum communications.

• Quantum foundations is the branch philosophy of science that aims to build some understanding of the real
world. Quantum physics’ formalism is difficult to associate with the principles of reality usually applicable in
classical physics. While classical physics understanding has historically been associated with an ontology with
objects’ position and motion enabling the prediction of phenomena such as the motion of planets. Quantum
physics lacks such an ontology describing the physical world. Beyond the canonical Copenhagen interpretation
(psi and the wave equation), many scientists tried to create such ontologies, and the debate is still raging among
them.
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Figure 2: Eight key basic principles (quantization, wave-particle duality, state superposition, entanglement and indetermina-
tion), postulate (measurement), effects (tunnel effect) and theorem (no-cloning) of quantum physics. c compilation Olivier
Ezratty, 2021-2025.
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Figure 3: The three kinds of properties for atoms, electrons, nucleons and photons: their intrinsic properties which are
related to the particle type and have a single possible value (mass, charge, spin magnitude), the relational quantized
properties which are relative to a system (the electron in an atom) or observation (spin projection on an axis, the photon
relative to an observer), and the dynamic variables which are continuous and relative to a referential. The table shows
the correspondence between atoms, electrons, nucleons and photons. Only elementary particles like electrons and photons
have “quantum numbers”, atoms and nucleons being composite quantum objects made of electrons and quarks only have
“quantum properties”. The properties in bold are those which are quantized. The photon wavelength, OAM and phase are
continuous variables and their value is relative to the observer. The polarization is a bit subtle. The helicity or circular
polarization is observer independent while a linear polarization is dependent on the observer, depending on the chosen
polarizer angle (more on photon properties in 3.2.4). Quantized properties are used to create qubits or qudits in quantum
computing with distinct states and at the particle scale (atoms, electrons, photons). c Olivier Ezratty, 2022-2026, with
some Wikipedia image sources.
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5 Gate-based quantum computing

• Gate-based quantum computing is the main quantum computing paradigm. It relies on qubits and finite
sequences of quantum gates acting on individual qubits or on two or more qubits, called “circuits”. Other
paradigms include analog quantum simulators (Pasqal, QuEra) and quantum annealers (D-Wave). The boundary
of a quantum algorithm depends on the abstraction level. An abstract algorithm specifies the mathematical
procedure that generates a quantum circuit, the logical circuit specifies encoded operations and measurements,
and a compiled implementation adds hardware-specific gates, scheduling and control. Classical optimization,
adaptive feedforward, error mitigation, quantum error-correction gadgets and decoding may be integral to an
end-to-end implementation even when they are treated as separate layers in a software stack.

• The mathematical effects of quantum gates on qubits are relatively simple linear algebra operations. A set of
qubits lives in a large-dimensional Hilbert space made of vectors, using complex numbers, vectors, and matrices.
A qubit register supports a vector with 2N complex numbers. A quantum gate applied a so-called “unitary”
operation on this vector. Mathematically, it’s a matrix multiplied by the register vector, which changes the
vector. The Dirac Bra-Ket notation helps manipulate vectors and matrices in that formalism. It is often used to
describe quantum states, for the decomposition of quantum algorithms and for quantum measurements.

• A qubit is encoded in a two-level quantum degree of freedom with basis states represented by |0⟩ and |1⟩. A
pure qubit state can be a superposition of these two states, α|0⟩ + β|1⟩, with complex amplitudes satisfying
the normalization constraint |α|2 + |β|2 = 1. It is well represented with a vector on a Bloch sphere surface.
Quantum circuits exploit phase control, interference and entanglement, which can be generated by two-qubit
gates such as CNOT and CZ. Entanglement is a nonseparable property of the joint quantum state. It is usually
created, transformed and removed during the circuit execution using conditional multi-qubit gates.

• A qubit register of N qubits can handle a linear superposition of 2N basis states corresponding to the qubit
computational basis, each associated with a complex number. But surprisingly, this exponential growth in size
is not enough to create a potential polynomial or exponential speedup with quantum computing. You need a lot
of entanglement and some non-obvious quantum gates like arbitrary angle rotation gates (NISQ) or T gates
(FTQC).

• While the computational space grows exponentially with the number of qubits, you don’t really store information
in the qubit register per se since retrieving it would require an exponential number of circuit execution and qubit
readouts. You feed it with some problem and the circuit output is a relatively simple value of interest made of
N classical bits. You must deal with it when designing quantum circuits. A quantum circuit won’t generate a
lot of data like an image, a video or a stream of text. There are still problems where some values of interest can
be extracted that are just real numbers, like in quantum chemistry where you are looking for an energy value.

• A quantum circuit must usually be executed a large number of times, and its results averaged due to the
probabilistic nature of qubit measurement. The number of “shots” depends on the algorithm structure and
its distribution output, programming paradigm and type of error correction or error mitigation. Running the
circuit multiple times and processing the results is called “sampling” a circuit.

• Qubit measurement can be done in various ways, the main one being a classical projective measurement, if
possible, a non-demolition one (QND) that will maintain the qubit in its collapsed state after measurement and
not destroy it. Other techniques are used that are useful for qubit quality characterization and for quantum
error correction like a quantum state or quantum gate tomography.
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6 Quantum computing engineering

• A quantum computer uses physical qubits of different nature, the main ones being superconducting qubits,
electron spin qubits, cold atoms, trapped ions and photons. They all have pros and cons, and no one is perfect
at this stage. Future systems may combine several of these technologies.

• Many key parameters are required to create a functional quantum computer. It must rely on two-level
quantum systems used as qubits. These must be initializable and manipulable with a universal gate set
that can approximate any unitary transformation on the relevant qubits to the desired accuracy. Qubits
must be measurable when required by the algorithm. More general quantum channels are not arbitrary gate
operations and require open-system dynamics or constructions involving ancillas, measurements or discarding
subsystems. Coherence times and physical error rates must be compatible with the required circuit depth and
error-management scheme.

• Most quantum computers are composed of several parts: a qubit chip (for solid-state qubits but also for trapped
ions), vacuum enclosures (particularly with cold atoms and trapped ions) or sources, waveguides and detectors
(photons), usually housed in a cryogenic vacuum chamber, some electromagnetic waves conveyed to the qubits
with laser beams, or coaxial cables guided microwaves or direct currents, and a classical computer driving
these electronic and photonic components. Qubits are driven by electromagnetic waves in various parts of the
spectrum: UV, optical photons, infrared photons, microwave and radio-frequency signals.

• Errors are unwanted effects happening with qubits during initialization, gate operations, idle times, and readouts
which affect the quality of the results. Noise is the main type of error source of stochastic nature that can be
endogenous or exogenous. Decoherence progressively destroys superposition and entanglement in, and between
qubits. Scientists devised quantum error mitigation (after computing) and active correction (during computing)
schemes to address these problems. Quantum error correction relies on creating logical qubits composed of many
physical qubits, the number depending on the quantum circuit size and many other parameters. A logical qubit
is not a “perfect” qubit. It has a residual error rate designed to support the quantum circuit size. The number
of physical qubits per logical qubit depends on it, the error correction codes, the qubits’ physical connectivity
and the physical qubit error rates. This creates huge scalability challenges, many of them with classical qubit
control technologies. Fault-tolerant quantum computing (FTQC) is not just about using logical qubits. Error
correction must happen faster than error creation and errors must not propagate within the quantum computer
when logical gates are implemented.

• Many quantum circuits also require data preparation or storage, for example in quantum machine learning
or oracle-based algorithms such as Grover search. Quantum-state memories exist in experimental and limited
practical forms. They should be distinguished from qRAM, which aims at coherent random access to a large
classical or quantum-addressed data set, and from circuit-based QROM. Large-scale fault-tolerant qRAM with
efficient coherent random access is not currently available.

• The energetic cost of quantum computing is both a potential benefit but also an immense challenge, particularly
when a large number of physical qubits are required to create large scale fault-tolerant computers. All components
must be carefully designed to take into account the cryogenic cooling power, control electronics, lasers, cabling
as well as the available space to house cabling and cryo-electronics. Based on vendor roadmaps, there seems to
be a 1 to 100 scale of power consumption for future FTQC quantum computers. This explains the creation of
the Quantum Energy Initiative in 2022, which gathers a community of researchers and industry vendors and
organizations working collectively on this topic.

• The book describes the Lieb-Robinson bounds, which quantifies how fast information and entanglement propagate
in a quantum system, and its potential impact on quantum-computing systems architectures from hardware to
compilers and error correction.

• The economics of quantum computers are still uncertain due to their immaturity and the current low man-
ufacturing volume. Uncertainty is also strong with regard to the feasibility of scalable quantum computers.
The scalability challenges ahead are enormous. One of them is to benefit from actual algorithm speedups when
including all end-to-end computing operations. Another one is about expanding the limits in our ability to
control a large number of entangled quantum objects, and with excellent fidelity.
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7 Quantum computing hardware

• Superconducting qubits are among the most common approaches today, implemented by IBM, Google, Rigetti,
IQM and Origin Quantum among others. They remain noisy and face scaling challenges, particularly in control
electronics, cabling and readout. One approach is to use bosonic encodings such as GKP and cat qubits, which
combine microwave modes stored in cavities with superconducting circuits for manipulation and readout (Alice &
Bob, AWS, Nord Quantique). Fluxonium qubits seem promising, but only a few vendors pursue them, including
Google, which acquired Atlantic Quantum in October 2025. Alibaba was active in that segment but ended its
quantum computing R&D in late 2023.

• Quantum-dots spin qubits could scale well due to their small size, the reuse of classical CMOS semiconductor
manufacturing known-how, their higher working temperature enabling the usage of control cryo-electronics.
They have however been demonstrated only at a very low scale at this stage.

• NV-center qubits have the benefit to be stable and to work potentially at ambient temperature. An increasing
number of startups are playing in this field, like Quantum Brilliance (Australia and Germany). None of these
commercial products support more than 10 qubits and it’s been the case for several years. Don’t count on it
for scalable quantum computing and scalable room temperature operations. There are variations with other
cavities and defects like with silicon-carbide (SiC) and SnV (tin vacancy color centers) but their technology
readiness level remains very low as well.

• Topological qubits aim to obtain intrinsic protection against some classes of errors and could improve scalability
if a suitable topological platform is demonstrated. Experimental solid-state platforms investigate Majorana zero
modes, which are emergent quasiparticle excitations and should not be conflated with hypothetical elementary
Majorana fermions. Microsoft’s Majorana-1 and -2 announcements in 2025 and 2026 do not yet validate the
architecture which is still lacking operational metrics. Microsoft’s 2029 FTQC objective is a roadmap target
whose feasibility remains uncertain if not totally unrealistic.

• Trapped-ion qubits have achieved very high fidelities and provide a credible approach for running NISQ algorithms.
They have historically faced scaling challenges, with the current record as of September 2026 being Quantinuum’s
Helios 98-qubit processor. Recent progress with QCCD architectures shows additional scaling potential. One
key limitation is slower gate speed, partly offset by high qubit-to-qubit connectivity that can reduce routing
overhead and circuit depth, as well as potentially lower hardware and energy requirements in some architectures.

• Cold-atom qubits are widely used in quantum simulation, where systems can scale to hundreds or thousands of
atoms, and they can also be used for gate-based quantum computing. Key demonstrations at the end of 2023,
particularly with QuEra, increased interest in scaling these systems in gate-based mode and with quantum error
correction. Pasqal (France), QuEra (USA), Infleqtion (USA), Atom Computing (USA) and planqc (Germany)
are among the industry vendors in this field. New players entered the field in 2025-2026, including Q-Factor
(Israel), Logiqal, Oratomic and Google (USA).

• Photonic qubits are flying qubits, propagating from sources to detectors through optical components that
implement state preparation, transformations and measurements. The main encodings include discrete-variable
and continuous-variable photonic schemes. Scalability remains challenging, particularly because of photon
generation, loss and detection efficiency. Limited deterministic gate availability motivates measurement-
based approaches such as MBQC and fusion-based quantum computing (FBQC), the latter being pursued by
PsiQuantum. Quandela (France), Xanadu (Canada) and QuiX (The Netherlands) are other key players in
this space. A key capability for measurement-based schemes is the generation of large, high-fidelity entangled
photonic resource states, which remains an active research and engineering challenge.

• There are many other qubit types proposed by academic research teams, including molecular, nanomechanical
and other emerging approaches. These generally have a very low technology readiness level, and many have not
yet demonstrated a complete gate set or reported gate fidelities. Some may nevertheless represent promising
approaches worth monitoring.
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8 Enabling technologies

• Quantum enabling technologies cover a broad field with cryogenics and vacuum pumps, control electronics, pho-
tonics including lasers, photon sources and detectors, photonic integrated circuits, semiconductor manufacturing
techniques and even specific materials production. They are strategic to enabling future quantum systems,
particularly scalable quantum computers. From a business standpoint, they are the equivalent of shovels in the
gold rush. Many of these technologies have use cases beyond quantum technologies.

• Cryogenics is a key enabling technology for quantum computing, particularly for solid-state qubits operating at
temperatures between roughly 15 mK and 1 K. Dilution refrigerators use mixtures of 3He and 4He to reach
the lowest temperatures. Other cryogenic technologies target approximately 3 K to 10 K and can be used for
some photonic sources and detectors. Large photonic quantum-computing projects may also require substantial
cooling in the 2 K to 4 K range for sources, circuits, detectors and control electronics. A new trend for large-scale
cryogenic systems for superconducting qubits is the use of helium centralized liquefiers (LHe).

• Cabling and filters play another key role, particularly with solid-state qubits. Cryogenic and superconducting
cables can be expensive, with prices and supplier availability depending strongly on cable type, attenuation,
thermal load, bandwidth and connector specifications. Signal multiplexing may reduce cabling requirements,
including microwave multiplexing and microwave-to-optical conversion approaches.

• Microwave generation and readout systems used with superconducting and quantum-dot electron-spin qubits
are other key enabling technologies. The challenge is to miniaturize them, lower their power consumption and,
where useful, place some control electronics closer to the qubits at cryogenic temperatures while simplifying
system cabling. This is important for physical-qubit scalability and quantum error correction. Many different
technologies compete here, mostly around cryo-CMOS and SFQ superconducting electronics. Other components
deserve attention, including circulators and parametric amplifiers that we cover in detail. Lastly, error correction
requires extensive classical processing that is frequently omitted from fault-tolerant quantum-computing resource
estimates.

• Many lasers and photonic components are used with cold atoms, trapped ions and photonic qubits, as well
as in quantum telecommunications, cryptography and sensing. These include indistinguishable single-photon
sources, single-photon detectors and photon-number-resolving detectors. The laser field is also very diverse,
with products covering different wavelength ranges, powers and continuous-wave or pulsed operation. Cold-atom
technologies can require relatively high optical power with low phase noise. Laser reliability is also a concern for
production use. Cold-atom systems additionally rely on light-shaping devices such as SLMs, AODs, optical
arrays and metasurfaces designed to control large numbers of atoms.

• Manufacturing electronic components for quantum technologies is a strategic topic covered extensively in this
book with a description of generic fab techniques and some that are specific to quantum technologies as with
the fabrication of superconducting qubits and quantum dots.

• Quantum technologies use many different raw materials, some of them rare but required only in small quantities.
Some materials may carry significant environmental or supply-chain costs, while others are available from
multiple sources. Examples include 3He for sub-1 K cryogenics, isotopically enriched 28Si for silicon-based
quantum technologies, and atomic isotopes such as 87Rb and 171Yb. A key challenge is to analyze full product
life-cycle costs and reduce the environmental footprint of emerging quantum technologies, particularly for
components that may eventually be manufactured at scale.
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9 Unconventional computing

• Various non-conventional computing technologies may compete with classical and quantum computing or
provide useful enabling capabilities. Many of them are now positioned as enabling a reduction of the energy
consumption for AI-related tasks. Reversible and superconducting technologies, for example, may help create
cryogenic electronics for scalable quantum computers. Because these approaches rely on very different physical
principles, they require careful evaluation and benchmarking by both physicists and computer scientists. None
has demonstrated a scalable polynomial-time solution to generic NP-complete problems or a broadly applicable
advantage over the best classical baselines. We also cover in this part the realm of classical supercomputing,
which provides some comparable on system size and capabilities.

• Digital annealing computing is mostly proposed by Japanese companies like Fujitsu and Hitachi, using classical
CMOS chipsets. These solutions are supposed to solve intractable problems faster than classical computers, but
their scalability remains questionable according to existing benchmarks. Their commercial traction seems to be
limited to the Japanese market.

• Reversible and adiabatic computation have been researched for a long time and has not yet developed into
broadly deployed commercial computing products. It may be more useful for reducing energy dissipation than
for increasing computational speed, with potential applications in quantum-computing enabling technologies as
well as in artificial intelligence application inferences.

• Superconducting computing is an interesting area of research to create more energy efficient supercomputers,
despite the cooling cost that, fortunately, is not as expensive as with superconducting qubits quantum computers.
There are synergies between this research area and superconducting logic electronics that could be used to
control superconducting and quantum dots spin qubits at low temperatures.

• Probabilistic computing is an interesting research area. These solutions may be competitive for solving specific
combinatorial and decision problems.

• Optical processors are mainly investigated in the deep-learning space to accelerate training and inference for
selected neural-network operations. Some variants target combinatorial optimization problems, where fault-
tolerant quantum computers may also face substantial resource requirements. This is a dynamic sector with
several well-funded startups.

• Chemical computing is one of the many other areas in unconventional computing that may be interesting but
have probably various scaling limitations. Other unconventional computing such as DNA computing and other
variations are not studied here, particularly since they are not deemed to solve intractable problems.
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Figure 10: Source: “Large-Scale Optical Neural Networks Based on Photoelectric Multiplication” by Ryan Hamerly, Physical
Review X, May 2019. Added in 2023.
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10 Algorithms

• Quantum algorithms have been created since the early 1990s, many years before any quantum computer
was prototyped in a research laboratory. They manipulate quantum amplitudes through coherent unitary
transformations, interference and measurement, and in many important algorithms, entanglement. Their
mathematical description relies on vectors, matrices and linear operators acting in Hilbert spaces whose
dimension grows exponentially with the number of qubits.

• The main algorithm classes are oracle based and search algorithms, optimization algorithms, quantum physics
simulation algorithms, and quantum machine learning algorithms. There is also a more generic class of algorithms
solving linear systems and partial differential equations.

• Quantum algorithms are interesting when they provide some quantum advantage compared to their equivalent
best-in-class classical equivalents. It can be a theoretical and practical speedup, better result quality such as
chemical simulation accuracy or better heuristics, less required training data in some machine learning cases,
or, potentially, a lower computing cost including energy consumption. Quantum speedups must be practical
and incorporate all classical and quantum computing costs, including error detection and mitigation (NISQ)
or QEC/FTQC overheads. A polynomial quantum speedup can be a limiting factor, like with Grover’s search
algorithm, particularly if its oracle implementation is not well specified.

• Another key aspect of quantum algorithms is data loading and/or preparation. It is often overlooked and can
have a significant time cost. For algorithms relying on amplitude encoding, loading an arbitrary N -dimensional
classical vector generically requires O(N) resources in one form or another unless exploitable structure or an
efficient state-preparation mechanism is available. Some algorithms assume the use of qRAM, which is not yet
available at useful scale. These constraints make quantum computing not well adapted to big-data workloads
such as conventional large-language model (LLM) training and inference. Any serious resource estimate should
include the circuit and data-access costs required to prepare the quantum state that is then processed by
components such as phase estimation, amplitude amplification or quantum simulation.

• Relatively few quantum algorithms provide a theoretical computing time exponential or superpolynomial speedup,
the main one being Shor’s integer factoring and discrete log algorithms. Any exponential speedup for most other
classes of algorithms like HHL to solve linear systems is usually conditioned by specific criteria like data sparsity
and the existence of some structure in the problem. The 2024 DQI (Decoded Quantum Interferometry) from
Google generated a lot of hope to solve optimization problems efficiently, but the related resource estimates are
quite significant.

• Gate-based computers, quantum annealers and analog quantum-simulator algorithms are all hybrid, combining
a classical (preparation) part and a quantum part (a quantum circuit, or an annealing process). A special breed
of quantum algorithms are the variational quantum algorithms (VQA) and their variants for optimizations
(QAOA), chemical simulations (VQE) and machine learning (QML) that target NISQ systems (noisy intermediate
quantum computers). These combine classical preparation and adjustment of a Hamiltonian that computes a
cost function with several classical optimization steps and quantum computing circuit executions. Algorithms
based on a Quantum Fourier Transform (QFT) and modular exponentiation require a fault-tolerant quantum
computer with quantum error correction. But they are also hybrid since they need some classical software that
prepares the circuit to run, a task that may be highly resource demanding and in some cases, that requires an
HPC.

• Quantum-inspired algorithms run on classical computers and borrow mathematical representations, sampling
techniques or algorithmic ideas from quantum information and many-body physics. Tensor networks, including
MPS and DMRG, form one major family, but other approaches include sample-and-query dequantization,
neural quantum states, Pauli and Majorana propagation, matchgate and fermionic-Gaussian simulation, and
annealing-inspired optimization. They can improve classical computing solutions and are useful for classical
simulations of quantum systems. Progress in these methods continuously raises the classical baseline against
which quantum advantage must be evaluated, including in quantum chemistry where increasingly large active
spaces can now be treated classically.
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11 Software tools

• Gate-based programming involves either graphical circuit design (mostly for training purposes) and (usually)
Python based programming when qubit-gate structures must be designed in an automated way. Key components
of the software development toolset are compilers and optimizers as well as resource estimators, which help
figure out the hardware configuration required to run some quantum circuit.

• Python-based programming relies on libraries like IBM’s Qiskit or Google’s Cirq. There are however many
development tools coming from universities and research labs like Quipper. Some tools like ZX Calculus are
highly specialized and used to create quantum error correction codes or low-level systems.

• Current NISQ quantum computing commonly relies on repeated circuit executions, often thousands or more, to
estimate output probabilities or expectation values. In variational algorithms, a classical optimizer repeatedly
updates circuit parameters between groups of quantum executions. A single run yields one probabilistic
measurement outcome, while statistical estimates converge as the number of shots increases. VQE may require
many circuit executions to estimate the expectation values of Hamiltonian terms with sufficient precision while
a classical optimizer updates the ansatz parameters. Large circuits on fault-tolerant quantum systems may also
require repeated executions depending on the algorithm and desired success probability, including algorithms
using quantum phase estimation (QPE).

• Most quantum computers are used in the cloud, through offerings coming from the computer vendors themselves
like IBM or D-Wave or from cloud service providers like Amazon, Microsoft, Google, OVHcloud and Scaleway.
Similar offerings are available in China and Japan. In the long term, cloud quantum computing services
architectures will need to be distributed and require dynamic routing of photonic entanglement resources to
enable the creation of large virtual QPUs.

• Quantum emulators are very useful to learn programming, and test circuits until the emulators reach the limits
of classical emulation. They support up to 20 qubits on a laptop, 40 on a server appliance and 50-55 on an HPC
in state vector mode. It can exceed 100 qubits with using tensor-network-based emulators for shallow circuits.
Emulators can help debug small-scale quantum algorithms. When these emulators include physical simulators of
the underlying qubit physics as with Bosonic Qiskit and Quandela Perceval, they help create algorithms that are
error-resilient and design new quantum error correction codes. Quantum emulation is an indispensable part of
any quantum cloud offering. Emulator are often called “simulators” which is a misnomer creating confusion with
quantum simulators which are classical and quantum systems that can simulate quantum systems in general.

• Gate-based circuit debugging is a significant challenge as it is difficult to implement equivalents of classical-code
breaking points. As a result, quantum code certification and verification is a new key discipline, particularly
for distributed computing architectures such as the ones relying on the concept of blind quantum computing.
Another key discipline is resource estimation, with tools that help figure out the hardware configuration necessary
to run a given algorithm. It also provides indications on the related computing time which may be prohibitive
and require future optimization techniques.

• Benchmarking quantum computers remains an unsettled field with many competing approaches, including
methods used to assess claims of quantum supremacy or quantum advantage. Such claims must specify the
computational task, the best classical baseline, the cost metric, the hardware and error-mitigation assumptions,
and whether the result has been peer reviewed or independently reproduced. By 2026, several experiments
had reported computational or scientific utility on NISQ hardware, especially for quantum-physics problems,
but this does not by itself establish an industry-relevant quantum advantage. The book therefore distinguishes
claimed advantage, peer-reviewed evidence and independent validation and advances in dequantization and
quantum inspired classical techniques.
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12 Applications

• Most quantum computing market forecasts are highly optimistic and assume an early advent of scalable quantum
computers. They also sometimes tweak forecasts by pushing business value numbers instead of an actual market
for quantum technologies. These numbers are confusing and sometimes taken as market sizes, which fools some
investors.

• There are interesting potential use cases of quantum computing in nearly every vertical market, particularly
in energy, chemistry, healthcare, transportation and then finance. Most of them are theoretical or have been
evaluated at a very low scale given the capacity of existing quantum computers. Some may be useful with
advanced noisy computers (NISQ) while most of them will require highly scalable fault-tolerant quantum
computing systems (FTQC). Others may find their way on analog quantum simulators.

• This book contains a framework proposal to assess the interest and relevance of published use cases. It
helps separate marketing claims from practical evidence. Under a strict criterion requiring an independently
documented production deployment and a demonstrated advantage over the best practical classical baseline,
no qualifying corporate quantum-computing application was identified by the book’s September 2026 cutoff.
Many documented NISQ use cases run on fewer than 30 physical qubits and can therefore often be emulated
classically at lower cost and sometimes faster. Without credible resource estimates or benchmarking against
strong classical baselines, such case studies are primarily useful for learning, workflow development and algorithm
exploration. The book contains a list of items to watch for in documented case studies (retrospective) and use
cases (prospective).

• In some cases, the potential use cases are in the overpromising twilight zone such as simulating very complex
molecules, improve climate modeling and develop innovations to fixing climate change, curing cancers or
optimizing large fleets of autonomous vehicles. All these are dubious long-term promises. Serious case studies
contain resource estimations. The use cases bringing significant business value frequently require a large number
of logical qubits, in the thousands, and usually, rather long computing times. There is still a lot of room for
quantum-algorithms optimizations.

• One purveyor of case studies is D-Wave with its quantum annealer although it has not yet demonstrated a real
quantum advantage. IBM is second there, having evangelized a broad number of customers and developers
since 2016, particularly around the theme of “quantum utility” which has not yet reached the realm of industry
relevant applications even though they switched gears on “quantum advantage” in August 2026 with three case
studies that are still far from being industry related. IonQ and Quantinuum are also publicizing case studies,
but they are usually below a quantum advantage level, using fewer than 25 qubits. Quantinuum is making
progress with its 56 and 98 qubits quantum processors.

• Beyond computing time, a quantum advantage can also come from the system’s energetic footprint and/or the
precision of the outcome. Specific cases can claim to be in that situation with analog quantum simulations.

• There are already many software vendors in the quantum-computing space despite the limited availability
of hardware demonstrating practical quantum advantage. Their activities include pilot projects, software
frameworks, hybrid quantum-classical algorithms, and quantum-inspired algorithms running on classical hardware,
and engineering or consulting services. This book also covers the growing IT and consulting-services ecosystem
around quantum technologies.
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13 Communications and cybersecurity

• Quantum computing poses a theoretical threat to widely used public-key cryptography based on integer factoring
or discrete logarithms. Shor’s algorithm could, on a sufficiently large fault-tolerant quantum computer, recover
the private information underlying schemes such as RSA from public data. Symmetric cryptography is affected
differently, most notably through the quadratic search speedup provided by Grover’s algorithm rather than
through public-key distribution. The migration urgency is partly driven by the “store now, decrypt later” threat
and by planning rules such as Mosca’s inequality, which motivate deployment of quantum-resistant protections
before cryptographically relevant quantum computers exist.

• Two broad families of countermeasures are commonly discussed: post-quantum cryptography (PQC), based
on classical cryptographic algorithms believed to resist known quantum attacks, and quantum-communication
techniques such as QKD. NIST launched its PQC standardization process in 2016 and selected algorithms for
standardization in July 2022. In August 2024 it finalized FIPS 203, FIPS 204 and FIPS 205, covering ML-KEM,
ML-DSA and SLH-DSA. FN-DSA, derived from FALCON, is planned for FIPS 206 and remains in development.
PQC security must still be assessed against cryptanalysis, implementation flaws and side-channel attacks.

• Quantum key distribution (QKD) uses a quantum communication channel, together with an authenticated
classical channel, to establish shared symmetric key material between remote parties. Protocols can use
prepare-and-measure schemes or entanglement-based schemes, including architectures relevant to future quantum
networks connecting computers and sensors. QKD does not transmit or protect public keys, and it does not
require a general-purpose quantum computer. The generated key material is normally used with conventional
symmetric cryptographic mechanisms for subsequent data protection.

• Quantum random-number generation (QRNG) can provide entropy for classical and quantum-communication
cryptographic systems, including key generation, nonces and other protocol randomness. A QRNG does not
by itself guarantee the security of a public or private key, which also depends on the cryptographic algorithm,
implementation and threat model. QRNGs also have applications wherever high-quality randomness is useful in
classical computing, including lotteries and Monte Carlo simulations.

• Quantum telecommunications can also use quantum entanglement to enable communications between quantum
computers and/or quantum sensors. Distributed quantum computing has two potential benefits: scaling
quantum computing beyond the capacity of individual quantum computers and enabling safe communications
between quantum computers. There is a huge technology challenge with interconnecting quantum computers.
It is about creating entanglement resources between distant qubits, sometimes using transduction between
different wavelengths, and then, gate teleportation protocols to enable two-qubit gates between distant quantum
processors. Distributed quantum sensing can also enable more accuracy sensing.

• Quantum Physical Unclonable Functions (qPUFs) are proposed authentication primitives whose security claims
must be stated under a defined threat model, including assumptions about enrollment, verification and resistance
to attacks. No physical authentication method is literally unfalsifiable, and qPUF technology remains immature.

• There are already many startups in the QKD and PQC scene. Deployments have already started worldwide,
particularly in China with both landline fiber and satellite links. Europe is also experimenting quantum
communication networks. PQC deployment is a priority for most governments and sensitive verticals (defense
industry, financial services, healthcare, automotive).
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14 Quantum sensing

• Quantum sensing is a slightly more mature and overlooked market in quantum technologies, one potential reason
being its fragmentation and currently limited large-scale use cases. It is perceived as having a higher technology
readiness level (TRL) than quantum computing. But these sensors are still not easy to design from an industrial
point of view and their actual accuracy and sensitivity do not always match expectations.

• Quantum sensing enables more precise measurement of nearly any physical parameter: time, distance, tempera-
ture, movement, acceleration, pressure, gravity, magnetism, light frequency, radio spectrum and the chemical
composition of matter.

• The 2019 revision of the International System of Units (SI) fixed exact numerical values for several defining
physical constants. Quantum electrical standards, atomic clocks and other precision-measurement techniques
are central to the realization and dissemination of several SI units, but it is more accurate to describe them as
part of precision metrology than to say that quantum sensing itself “updated” the SI.

• Lasers and optical frequency combs are used for extremely precise frequency and time metrology, including
comparisons involving optical atomic clocks that can outperform cesium microwave clocks in stability and
accuracy. Frequency combs are commonly generated with mode-locked lasers producing trains of ultrashort,
often femtosecond, pulses.

• Nitrogen-vacancy (NV) centers in diamond are one of the most widely studied solid-state quantum-sensing
platforms. They can measure magnetic fields and, through adapted protocols, other parameters such as
temperature, pressure or electric fields, with applications ranging from materials characterization to biomedical
research. Their practical performance depends on trade-offs among sensitivity, spatial resolution, bandwidth,
stand-off distance and form factor. Many implementations are still moving from laboratory demonstrations
toward robust products.

• Another important approach is cold-atom interferometry, implemented in gravimeters, accelerometers and
inertial sensors relevant to PNT, meaning “positioning, navigation, and timing”. Atomic systems can also be
used for radio-frequency sensing and are being investigated for searches for some forms of dark matter.

• China supposedly built some quantum radars using photon entanglement and up/down converters between
visible photons and radar frequencies, but the real performance of these devices is questionable, particularly
their range, and is driving a lot of skepticism in the Western world. But the related research is still going on
and quantum LiDARs seem to make progress. Quantum sensing can also potentially improve the sensitivity of
classical radars.
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Figure 18: A (partial) map of various quantum sensing basic technologies and use cases. c Olivier Ezratty, 2021-2025.
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15 Quantum technologies throughout the world

• The quantum startup scene saw its peak company creation in 2018. A small number of startups like D-Wave,
IonQ, Rigetti, PsiQuantum and Xanadu collected about 70% of the worldwide quantum startup funding. The
investors FOMO (fear of missing out) and the “winner takes all” syndromes explain this situation. But startup
funding in the quantum space is faring relatively well considering the long-term business prospects, particularly
with the surge of SPACs and IPOs for companies like D-Wave, IonQ, Rigetti, Infleqtion, Xanadu, and Pasqal.
Quantinuum also did its IPO in 2026, without a SPAC. We describe these funding mechanisms in the book.
We show the dominance of the USA in the private sector investment, which adds the best funded startups in
the world to large established companies significant investments, topped by IBM’s recent $10B 5-year plan
announced in June 2026.

• Most developed countries now have national quantum plans, often with a strong emphasis on quantum
computing. Cross-country investment comparisons require explicit accounting rules because announced totals
can mix incremental and pre-existing funding, different time windows, public and private investment, and
supranational programs such as European Union funding. Meaningful comparisons therefore require a common
normalization period, source date and inclusion rule. These plans generally support fundamental research,
industrial ecosystems and workforce development, while governments also support suppliers through procurement
programs.

• China’s public investment in quantum technologies is difficult to compare with that of the United States or
Europe because program scope, disclosure practices and accounting conventions differ. Published estimates such
as $15B to $25B can’t be compared directly with US or European investments unless they use the same time
window and include the same categories of spending. The book therefore treats such country totals as ranges or
source-dependent estimates rather than precise figures.

• Europe and the United States are among the largest investors in quantum science and technology, but their
relative ranking depends on the accounting perimeter, time window and treatment of national, supranational
and private investment. Europe has substantial public investment through both the European Union and
member states, while the United States has major private investment from large technology companies and
venture-backed startups.

• Many countries have placed quantum technologies in the critical field of “digital sovereignty” like if they were
some sort of nuclear weapon equivalent. Many countries launched specific defense related quantum investment
plans and competitions like DARPA’s QBI, and equivalent programs in France, Germany and elsewhere.

• Each country has its own strengths and specialties although most of them invest in all the fields of quantum
technologies (computing, telecoms/cryptography and sensing).

• Some analysts are wondering whether we’ll get soon into a quantum winter, like the ones that affected artificial
intelligence in the 1970s and the 1990s. One way to avoid it is to limit overpromises coming both from the
academic and industry vendor spaces. The intensity of the hype is very strong in this industry, but so far, it has
resisted the bubble burst effect.
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16 Quantum technologies and society

• Quantum technologies can become one expression of humanity’s technological ambitions, pushing the limits of
what can be measured, simulated and computed, as artificial intelligence has done in other domains. Quantum
computing nevertheless has fundamental and practical limits. No finite model can reproduce every detail of the
universe without assumptions and finite resource bounds, and quantum computing does not make arbitrary future
prediction possible. Claims about determinism, free will or the ultimate social impact of quantum technologies
require more careful philosophical and scientific qualification. The quantum revolution may therefore be oversold
when such claims go beyond demonstrated capabilities.

• Science fiction has built an imaginary around quantum technologies, including teleportation, superluminal travel,
extreme entanglement and miniaturization, parallel worlds and time travel. These ideas do not all have the same
scientific status. Some conflict with established physical constraints, while others are speculative interpretations,
limited laboratory phenomena or capabilities that are simply not technologically realizable today. Science fiction
can nevertheless inspire scientific vocations and motivate new generations to solve real problems.

• The quantum scientific community is investigating the ethics of quantum technologies. As with artificial
intelligence, it will be questioned on algorithm explainability and auditability, on what it will do to simulate if
not tweak matter and life and on how to handle public education. Some related initiatives have already been
launched by scientists in Australia, The Netherlands, Canada and the UK.

• The education challenge around quantum sciences and technologies is enormous, both for the general public and
for specialists. There’s a need for better pedagogy, accessible educational content and for sound fact-checked
information, and for the creation of suited teams for both creating and using quantum technologies.

• Gender balance remains an issue in quantum technologies, with women underrepresented in many parts of the
field, particularly among technology vendors. There are nevertheless many women scientists and entrepreneurs
who can serve as role models for girls and young women. Numerous initiatives around the world have been
launched to improve participation and representation.

• Finally, quantum-technology vendors marketing must be watched carefully. It is and will be full of exaggerations
and approximations. The worst is found with vendors from outside the quantum technology sphere.
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Figure 20: Some women role models around the world, from research to the industry. c montage by Olivier Ezratty,
2021-September 2026.
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17 Quantum fake sciences

• Quantum physics has been for a while integrated in highly dubious offerings, particularly in the healthcare and
energy production domains.

• There is a proliferation of products and services making unsupported health claims based on electromagnetic
waves, vaguely defined “energies” or alleged restoration of a body’s “balance”. Expectation and placebo responses
do not establish that such a product has the claimed therapeutic efficacy. These claims should be evaluated
against controlled clinical evidence, plausible mechanisms and applicable regulatory findings. Otherwise, these
are just scams.

• Some proposals attempt to explain consciousness using quantum physics, but broad claims of this kind currently
have limited theoretical and experimental support. This form of reductionism has very limited theoretical and
experimental grounds. Likewise, products marketed around scalar-wave detectors or generators, healing crystals,
structured water or “quantum” medallions are also pure scams.

• This part of the book proposes a simple methodology for identifying unsupported or misleading healthcare
claims using scientific evidence, reproducibility, plausible mechanisms and regulatory information.

• We uncover some other scams in the free energy generation category. These systems are supposed to extract
some energy from vacuum when their only actual effect is to pump money out of your wallet.

• Quantum physics is sometimes used in management and marketing. This book offers you a nice in-depth parody
of these methodologies.

• At last, we showcase a few companies using quantum in their branding which have nothing quantum at all to
offer. It spans a large number of product and service sectors.
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Figure 21: A useless framework for quantum management. c Olivier Ezratty, 2022.
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Year Hardware Software Ecosystem

2018 • IBM 20-qubit QPU.
• IonQ 11-qubit QPU.
• Preskill’s NISQ concept.
• IQM, Atom Computing,

QuEra, Quantum Machines,
Qblox creation.

• IBM open-source QASM.
• Ewin Tang’s QML

tensorisation.
• Quantum Error Mitigation.
• Google Cirq.
• DAQC.

• EU Quantum Flagship.
• US NQIA launch.
• Israel NQI.
• Peak year in startup creation.
• QED-C creation.

2019 • Google 53-qubit supremacy.
• IBM Q System One.
• Oxford Ionics, Nord

Quantique creation.
• Pasqal creation.

• Gidney Shor-2048 estimate.
• ADAPT-VQE.
• Amazon Braket.
• Multiverse creation.

• UK quantum strategy
renewal.

• Russia Quantum Technologies
Roadmap.

2020 • D-Wave Advantage.
• Quantinuum 20-qubits QPU.
• IBM, Google first roadmaps.
• Alice&Bob, C12, Eleqtron

creation.
• Jiuzhang 1.0 GBS.

• Quantum kernel methods.
• Algorithmiq, Classiq,

ParityQC, Qedma creation.

• Germany’s €2B quantum
plan.

• USA NQIA extension.
• First India quantum plan.

2021 • IBM Eagle 127-qubit QPU.
• Quantinuum creation.
• PsiQuantum FBQC proposal.
• First logical qubits.
• Jiuzhang 2.0 GBS.

• Floquet Code.
• XZZX surface code.
• Kipu Quantum creation.
• Nvidia cuQuantum.

• France NQS launch.
• IonQ and Rigetti IPO.
• QuiC consortium creation.
• First English edition of this

book.

2022 • Xanadu quantum advantage.
• Diraq, Quobly, Planqc, Welinq

creation.

• NIST PQC draft standards.
• Nvidia CUDA-Quantum.

• Aspect-Clauser-Zeilinger
Nobel laureates.

• D-Wave IPO.
• QEI launch.

2023 • QuEra logical qubits.
• IBM Heron and Condor.
• IBM quantum utility Nature

paper.
• Jiuzhang 3.0 GBS.
• ETH superco QPU

interconnect.

• VQE and QAOA refinements. • India National Quantum
Mission.

• South Korea quantum plan.

2024 • Google Willow.
• Origin Quantum Wukong.
• Quantinuum H2 56-qubits

QPU.
• 6,100 controlled atoms at

Caltech.
• Qolab creation.

• FTQC advances.
• FTQC vendor roadmaps.
• Google DQI algorithm.
• Zapata bankrupt.
• LLMs getting used in

quantum computing.
• NIST PQC standards.

• UK NQCC inaugurated.
• First QPUs delivered to

EuroHPC.
• PsiQuantum deal with

Australia.

2025 • Microsoft Majorana-1.
• IBM Nighthawk.
• IBM 122-qubits GHZ state.
• D-Wave Advantage 2.
• Oxford Ionics acquisition by

IonQ.
• Equal1 and Quantum Motion

full-stack QPUs.
• Jiuzhang 4.0 GBS.

• D-Wave quantum advantage
on Ising model.

• Google Magic state
cultivation.

• IBM bivariate bicycle qLDPC
code.

• EU AI/quantum white paper.
• Zapata back from the dead.
• Google Echoes-OTOC

experiments.

• EU Quantum Strategy.
• DARPA QBI selection.
• US NQIA renewal in the

making.
• PsiQuantum raises $1B.
• Record funding year (>$2B

WW).
• Clarke-Devoret-Martinis

Nobel laureates.

Table 2: Some key events in quantum computing since 2018. c Olivier Ezratty, November 2025.
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Year Hardware Software Ecosystem

2026 • More logical qubits
experiments, like with
Quantinuum Helios.

• Oratomic creation and
funding.

• Microsoft Majorana-2.
• Modular cryostats at Bluefors,

Maybell Quantum and IBM.

• New QEC/FTQC
architectures and resource
estimations for breaking
RSA-2048 and ECC-256 keys.
Iceberg Quantum Pinnacle,
Oratomic, Q-CTRL, Google,
IonQ, and Quandela.

• IBM “quantum advantage”
claims with U. Chicago,
Qedma and Algorithmiq.

• Q-CTRL quantum advantage
paper.

• Accelerated PQC migration
timelines.

• USA POTUS Quantum
Executive Orders, Dept
Commerce led $2B
manufacturing investment and
DoE’s Quantum Genesis
program and competition.

• IBM’s $10B 5-year quantum
investment announcement.

• France National Quantum
Strategy renewal.

• Infleqtion, Xanadu, Horizon
Quantum, IQM, Quantinuum
and Pasqal IPOs.

• Another record funding year.

Table 3: Some key events in quantum computing in 2026. c Olivier Ezratty, September 2026.
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⟨ 137 | 1WQC | 3D NAND | 2DEG | Abelian | ABRC | Active space | Active Volume | ADAPT-VQE | Adaptive quantum circuits | ADC | AC Stark shift
| Adiabatic | Adiabatic theorem | ADR | Advantage | aka | AKLT state | Algorithm | Algorithmic qubit | Amdahl’s law | AFC | Amplitude | Amplitude
amplification | Anharmonic oscillator | Angular momentum | Anomalous heating | Ansatz | Antibunching | Anyon | arXiv | Antisymmetry | AOD | Approximate
Amplitude Encoding | Artificial atoms | ASIC | Assumptions | Atoms | Auger effect | Autonomous quantum error correction | AWG | Axion | BB84 |
Back action | Backside power delivery | Balmer series | Band gap | Balanced beam splitter | Barren plateaus | Baryon | Base temperature | BCS theory
| Beam splitter | Bell inequalities | Bell states | Bell test statistic | Bernstein-Vazirani | Basis encoding | Betti number | Bichromatic field | Bright/dark
fluorescence readout | Bias-preserving gate | Biphoton | Black body | Blind Quantum Computing | Angle encoding | Amplitude encoding | Bloch states |
Bloch sphere | Brightness | Bucket brigade | Block-encoding | Bond dimension | Born rule | Born-Oppenheimer approximation | Bose-Einstein Condensate |
Bose-Hubbard model | Boson sampling | Boson | Bosonic codes | BQP | Bra-ket | Brane | Bravais lattice | Break-even | Brillouin scattering | BSM | cADR |
Cap table | Capex | Carleman linearization | Carnot efficiency | Casimir effect | Cavity | Cavity quantum electrodynamics | CFD | CFET | Chandelier | Chern
number | Chi | Chip | Chipset | Chiplet | CHSH inequality | CIM | Circuit quantum electrodynamics | Circuit synthesis | Classical shadows | Clifford group |
Circulators | Circuit | Clock qubit | Cluster state | CLOPS | CMOS | CNOT | Coarse graining | Coaxmon | Code distance | Coherence | Coherence fraction |
Coherence length | Cold atoms | Cold plate | Cold trap | Compatible properties | Commutativity | Commutator or commutation operator | Complementarity
| Complementary variables | Complex number | Complexity | Compton effect | Computational basis | Concatenated codes | Condensed matter physics |
Conjugate variables | Concurrence | Consistent histories | Constructor theory | Contextuality | Continuous variables quantum computing | Cooper pair |
COP | Copenhagen interpretation | Coplanar waveguide (CPW) | CPLEX | Cryo-CMOS | Correspondence principle | Coulomb blockade | Coulomb force |
Counterfactuals | Counterfactual models | CPTP map | Crosstalk | Cryocooler | Cryogenics | Cryopumping | Cryostat | CSCO | CSM | Butterfly velocity |
Cuprate | CV-QKD | CVaR | CVD | DAC | DAQC | Data re-uploading | Dark count | Dark energy | Dark matter | Dark silicon | Dark state | Dark state
protocols | DCE | DCQO | DDS | DQC | De Broglie wavelength | Decoherence | Degenerate | Delayed-choice experiment | Dennard scaling | Density matrix |
Dequantization | Determinism | Deutsch-Jozsa | DFT | Dimon | DI-QKD | Dicke state | k = 0: | k = 1: | k = 2: | k = 3: | k = 4: | Diffraction | Dilution
refrigerator | Dirac’s notation | Dirac constant | Discrete log problem | Dissipation engineering | Distillation | DLA | DMRG | Domain specific architecture |
Doppler cooling | Doppler effect | DV-QKD | D-Wave | DQI | DRAG | DRAM | Dressed state | Dual-rail encoding | Dual-species | E91 | EBL | EDSR |
Eigenstate | Eigenvalue | Eigenvector | Einselection | Electromagnetic spectrum | EIT | Electron | Electron gas | Elliptic Curves Cryptography | Energetics of
quantum technology | Engineering | Entanglement | Entropy | EPLG | EPDA | Epistemology | EPR paradox | EQA | Erasure error | ERC Grants | Ergodicity |
Ergotropy | Error Correction Codes | Errors | ESR | Eta letter | EUV | Exchange-only qubit | Exciton | Exclusion principle | Expectation value | Euclidean
networks | Extended Church-Turing thesis | Fabry-Pérot cavities | FBQC | FD-SOI | Feedforward | Fermi’s golden rule | Fermi sea | Fermi-Hubbard model |
Fermions | Fine structure | FinFET | First quantization | First quantum revolution | Floquet code | Fine-structure constant | FOFI | Fluxonium | Flying qubits
| Fock space | Fock state | Flux biasing | Foliation | Fourier Transform | FPGA | Fredkin gate | Free Electron Laser (FEL) | FTQC | GAA | GAN | GAS |
Gatemon | Gate-based quantum computing | Gate teleportation | Gaussian Boson Sampling (GBS) | Gaussian state | GBS | GGSA | GHS | GHZ | Gibbs state
| Gifford-McMahon | Ginzburg-Landau theory | GKP qubits | Gleason’s theorem | GPGPU | GQE | Graviton | Green’s function | Grotrian diagram | Ground
state | Grover | GSA | Gurobi | H-bar | Hadamard | Hafnian | Hall effect | Hamiltonian | Hamiltonian simulation | Hamming distance | Harmonic oscillator
| Hartree-Fock | HBM | Heisenberg | Heisenberg cut | Heisenberg limit | Helium 3 | Helium 4 | HEMT | Hermitian matrix | Heterostructures | Heuristic
algorithm | Heralded single-photons | Helicity | Heterodyne measurement | HHL | High-NA | Hilbert | Holevo bound | Hong-Ou-Mandel effect | Hidden
variables | HOBO | Homodyne measurement | Hopfion | HPC | HPQC | HSP | HTS | Hubbard model | HUBO | Hybrid bonding | Hyperentanglement |
Hybrid quantum algorithm | Hyperfine structure | Hyperfine qubit | Iceberg code | IDR | In-memory computing | Indeterminacy principle | Indistinguishability
| Indistinguishable photons | Integrated Quantum Photonics | Interference | Interposer | Intersubjectivity | Invertible computation | Irreversible | Ion | Ion
shuttling | Ion traps | IonQ | I/Q mixer | Ising | Isotopes | IT | Jaynes-Cummings Hamiltonian | Jevons paradox | JJ | Josephson | JPA | Kapitza resistance
| Kerr effect | Ket | Klein-Gordon equation | Kochen-Specker theorem | Koomey’s law | Koopman–von Neumann | Lamb shift | Lamb-Dicke regime |
Landauer limit | Larmor frequency | Larmor precession | Laser | Lattice surgery | LCHS | LCU | Leakage errors | Learning | Leggett-Garg inequality | Leggett
inequalities | Kraus operators | Lie groups | Lindblad equation | Linear algebra | Linear optics | Lieb-Robinson bound | Light cone | LNOI | Local Friendliness
| Loophole-free Bell test | Lorentz factor | LPPT | LQG | M-theory | Many-worlds interpretation | max-LINSAT max-k-XORSAT | LLM | Locality | LOCC |
Logical Qubit | Loophole | LRU | LSTM | MAGIC | Magic states distillation | Magic state cultivation | Magneto-Optical Trap | Magnon | Majorana fermion |
Manifold | Markovian process | Matchgate circuits | Matrix | Matter wave | MAXCUT | Maxwell’s demon | MBE | MBQC | MCMC | MCMR | MDI-QKD |
MegaQuop | Meissner effect | MERA | Mesoscopic | Metaheuristic algorithm | Metal layers | Metasurface | Microring resonator | Mid-circuit measurement |
MIS | Microwave-to-optical transduction | Mixing chamber | Moore’s law | More than Moore | MRAM | MZI | Mølmer-Sørensen gate | Motional mode |
Micromotion | MNR | Mode-locked laser | Mott insulator | Mott transition | MPO | MPS | MVP | MINLP | Mixed state | MNIST | Modality | Momentum
| Multimode | Muonic atoms | Mutually unbiased bases | Nanosheet | NDR | NEMS | NFQC | NISQ | No-go theorem | Non-Clifford gates | No-cloning
theorem | No-signaling | Nonlinear optics | Nonlocality | Non-Markovian process | NMR | Non-classical light | Non-demolition measurement | Non-selective
measurement | NOON state | Noether’s theorem | Normalization | NP | NP-complete | NP-difficult | NQS | NV center | Observable | ODE | ODMR | OFHC
| On-premise | Ontology | OPA | Opex | Operator norm | OPO | OTOC | Optical molasses | Optical pumping | Optical qubit | Optical tweezer | Oracle |
Orbital angular momentum | Oscillator | Overhauser field | P | Paramp | Paul trap | Pauli | Pauli spin blockade | Pauli string | PBR theorem | PCA | PDE |
PDK | Penning trap | PEPS | Permanent | Phase Estimation Algorithm | Phase | Phase classification | Phase kickback | Phase space | Phasor diagram |
Phonon | Photoelectric effect | Photoionization | Photolithography | PIC | PIM | Photon | Photon measurement | Pilot wave | PKI | Planck constant | Planck
length | Planck units | Plasmon | PMT | PNRD | Pockels effect | Poincaré sphere | Pointer states | Polarized Beam Splitter | Polaritons | Postselection |
POVM | PQC | PQE | PQS | Prefactors | Prepare-and-measure | Private Key | Process Design Kit | Property | Psi-ontic and psi-epistemic | Public key
| PUBO | PUE | Pulse tube | Purcell effect | Purcell filter | Pure state | Purification | PVD | PVM | Q factor | Q-Score | QAA | QAE | QAI | QACM |
QAQM | QAOA | QAOA | QBER | QBism | QCCD | QCKA | QCaaS | QCNN | QCV | QFC | QET | QFHE | QFT | QGLM | QIP | QHO | QIR | QITE |
QKD | QLBM | qLDPC | QLM | QLSA | QLSP | QMA | QML | QND | QNLP | QPE | QPINN | QPU | qRAM | QRC | QRNG | QROM | QSA | QSCI |
QSP | QSDC | QSS | QST | QSVD | QROAM | QSVT | Quantics representation | Quantization | Quantronium | Quasi-locality | Quantum accelerator
| Quadrature | Quantum advantage | Quantum algorithm | Quantum annealing | Quantum batteries | Quantum channel | Quantum Chaos | Quantum
chromodynamics | Quantum circuit | Quantum cognition | Quantum computer | Quantum Conference Key Agreement | Quantum Darwinism | Quantum
data center | Quantum dots | Quantum Electro-Dynamic | Pauli propagation | Quantum emulator | Quantum energetics | Quantum engineering | Quantum
Field Theory | Quantum Fisher Information | Quantum foundations | Quantum gates | Quantum Hall effect | Quantum hydrodynamics | Quantum Internet
| Quantum jump | Quantum kernel | Quantum capability learning | Quantum logic | Quantum matter | Quantum medicine | Quantum Non Demolition
measurement | Quantum numbers | Quantum postulates | Quantum Physical Unclonable Functions | Quantum repeater | Quantum reservoir computing |
Quantum reservoir engineering | Quantum resource estimator | Quantum simulator | Quantum speed limit | Quantum spin liquid | Quantum state | Quantum
state tomography | Quantum Steering | Quantum supremacy | Quantum switch | Quantum teleportation | Quantum thermodynamics | Quantum transduction
| Quantum trajectories | Quantum utility | Quantum variational circuits | Quantum volume | Quantum walk | Quantum Zeno Effect | Quasiparticles | Qubit
| Qubitization | QUBO | Qudits | Quench | Qumode | Qunat | Ququart | Qutrit | QWOA | Rabi | Racetrack | Raman cooling | Raman effect or Raman
scattering | Raman spectroscopy | Raman transition | Ramsey experiment | Rayleigh scattering | RBM | Realism | Rebound effect | Reduced Planck constant
| Reflectometry | Register | Relational quantum mechanics | Relaxation | ReLU | Renormalization | Renyi entropy | Repumping | Reticle limit | Retrodiction |
Reversible computing | RIE | RSA | RUS | RSG | Rydberg state | Rydberg blockade | Sapphire | SAT | Scrambling | Scale-out | Scattering | Schrödinger |
Schrödingerization | Schrödinger wave function collapse | SDP | LP | MIP | ILP | Second quantization | Second quantum revolution | SED | Semiclassical
QFT | Semi-classical light | SFQ | Shelving | Shor | Shortcuts to Adiabaticity | Sideband | Silicon 28 | SIMD | Simon | Single mode | SKR | Singlet-triplet
qubit | Sign problem | Sisyphus cooling | Skyrmion | SLM | SNAQ | SNSPD | SoC | SOI | SPAC | SPAD | SPAM | Spectral lines | Spectral decomposition |
Spin | SpinBus | Spin-to-charge conversion | Spin-boson model | Spin glass | Spinor | Spintronics | Spontaneous emission | Spontaneous Four-Wave Mixing |
Spontaneous Parametric Down-Conversion | SPOQC | Squeezed states of light | Squeezing | SQUID | SRAM | Stabilizer gates | Standard model | Standard
quantum limit | Stark shift or Stark effect | State reduction | Retargetability | Strong simulation | State vector | Stationary qubits: stationary | Stern-Gerlach
experiment | Still | Stimulated emission | String theory | Sturm–Liouville problem | Superabsorption | Superatom | Superconductivity | Superdense coding |
Superdeterminism | Superfluidity | Supersonic propagation of correlations | Superoperator | Superposition | Superradiance | Superselection | Supersolid |
Surface codes | Surface trap | SVD | SVM | SWAP | s-wave, p-wave and d-wave | SWSPD | SYK | Symmetry | Sympathetic cooling | Szilard engine | T gate
| T-count | T-depth | Tachyon | Tau scaling law | TCI | TCO | TDA | TDP | Technology node | Tensor network | TF-QKD | TFLN | TES | THC | Theory of
everything | TSP | T1 | T2 | Tabu search | TDSE | Tensor | TeraQuop | Thermodynamics first law | Thermodynamics second law | Time crystal | Time
domain | Time reversal | Toffoli | Topological | Topological insulator | Time-bin entanglement | Tsirelson bound | Transmon | Transpiler | Transpilation |
Transversal gates | Trapped ions | Trotterization | Trusted node | TSV | TTN | TTSB | Tunnel effect | Twistronics | Two-Level Systems | TWPA | Type I and
type II superconductors | UCC | UHV | Ultraviolet catastrophe | Unary iteration | Unary gates | Uncompute trick | Unconventional Computing | Unitary
operation | Universal quantum computer | Universal quantum gates | Unruh effect | Vacuum fluctuation | Vacuum polarization | Value migration | Variational
algorithm | von Klitzing constant | VQA | VQC | VQE | VQLS | Wafer-scale engine | Warm start | Weak simulation | Wave packets | Wave-particle duality |
Wavicle | Weyl fermion | Wien’s displacement law | Wigner crystal | Wigner function | Wigner’s friend | WIMP | X | XY gates | Y | Z | Zeeman effect |
Zeeman slower | Zeeman qubit | Zero-point energy | Zoo | ZX calculus ⟩
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