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Quantum is already used in every day life
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MRI

Optical fibers in telecom

Lighting

Lasers

GPS with atomic clocks

Ubiquitous transistors



Ingredients that make quantum quantum
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Qubit
Entanglement

Superposition
Interference

This is the one that 
makes it “Quantum.”
The rest is just math.

Measurement



Superpostion and Schrödinger’s Cat
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� You can only MEASURE either dead or alive, not both

� How you measure (which basis) determines if you get information or 
gibberish

� No copying of quantum information is possible



Einstein did not like this uncertainty
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Niels Bohr’s office in Copenhagen



Two-slit experiment proved superposition and uncertainty 
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Credit: Yaakov Fein Universität Wien

Even large proteins show quantum behavior



Entanglement is what makes quantum powerful
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Einstein called it “spooky action at a distance”



Entanglement and quantum correlations
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Quantum information can be stored nonlocal 

and is stored in quantum correlations between qubits

Based on Preskill (CalTech) Wolfgang Pauli Lecture 2024



Classically, reading each page will get you all the information

Not so with quantum information in a quantum book

Entanglement and quantum correlations
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Based on Preskill (CalTech) Wolfgang Pauli Lecture 2024

Collective measurement 
(reading of all pages in quantum book at the same time) 

reveals the information contained in the qubits



Twentieth century quantum revolution
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Credit: Georgia Mansell/LIGO Hanford

Quantum sensors
From materials to gravitational waves

Quantum networks
Secure data communication

Quantum computing
Next-level simulations



Feynman proposed idea of universal quantum simulators
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Simulating evolution of a quantum system on a classical 
computer in an efficient way is impossible (Feynman, 1982)



Shor developed factorization algorithm with quantum advantage
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SIAM J. Sci. Statist. Comput. 26 (1997) 1484



Information content of quantum computers is key

• 2n complex coefficients describe the state of a 
composite quantum system with n qubits 

• 100 qubits = 2100 states

• Quickly reaches number of particles in the universe 
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Accelerating DOE discovery science with quantum computing

Algorithmic speedups over classical computing

Quantum simulation

Efficient optimization algorithms

“Unbreakable” encryption protocols
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Quantum computing advantage for molecular sciences
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Chemisty - Photo-induced catalysis of water           Biology - Nitrogenase enzyme  

Single energy calculation is inaccessible, even at exascale!
Quantum computer requires ~100-200 ideal qubits for solution

“FeMoco”

From Galli, University of Chicago

Nature’s answer to Haber Process



Accurate solutions are challenging to impossible on classical computers

Superconductivity in MRI magnets 
and wires for current transmission

Strongly correlated materials 
in battery materials

Electron correlation drives many materials technologies

Taken from Keimer et al., Nature 2015
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Quantum advantage exploring fundamental laws of physics 
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Image inspired by JHEP 02 (2009) 
007, Courtesy Nachman (LBNL)

PRX Quantum 4, 027001 (2023) arXiv:2105.13849

Image from arXiv:2101.05821



Speedup not only factor for quantum advantage
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Power: 20 MW + 10 MW for cooling
Cost: US$600M (estimated cost)
Space: 2225 m2 (7,300 sq ft)
24,000 house holds

Quantum computers could solve larger problems faster compared to 
classical computing hardware

Quantum computers potentially cheaper and use less energy than 
classical computers, increasing accessibility to large scale computing



Quantum computers come in many flavors
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Quantum systems are getting higher gate fidelities
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Different technologies achieve 99.9% 
fidelity on 2-qubit entangling gates



Quantum systems get new operation capabilities
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✔ New types of two-qubit gates
✔ Multi-qubit gates
✔ Parallel gates
✔ Qutrit operations
✔ Mid-circuit measurement
….



Number of qubits in quantum systems is growing
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Challenging our ability to simulate and validate 



Sprawling quantum industry with great job opportunities
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Quantum Systems Accelerator is solving big challenges with 
integrated teams
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Challenges to achieving useful quantum computers
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Almost enough good qubits for specialized quantum use

Coherence - available compute time - very short (10s-100s of ops), 
driven by noise and errors

Advances in algorithms, software tools and compilers are needed 
to make quantum computing broadly approachable

Designing better qubits is hard



Moving towards quantum advantage for science

Hardware technology
Scientific algorithms 

and software

• Increasing qubit count
• Increasing lifetimes
• Increasing fidelity and reducing errors

• Reducing qubit count
• Decreasing operation counts
• Incorporating error resiliency

- 25 -

Mathematics is needed everywhere!!!



Applied mathematics critical across the quantum stack



Designing chips and control systems with AMR and 
electromagnetics solvers
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Manuscript on arXiv:2403.00208 (2024)

Image of ENCHILADA ion trap

Gridium



Optimization challenges are everywhere

https://scikit-quant.readthedocs.io- 28 -



Enables:
• Algorithm discovery
• Gate set and hardware exploration
• Global circuit optimization 

Unitary Circuit

Quantum Compilation: Given 
unitary U, find decomposition 
in terms of gates G from a 
(universal)  fixed gate set

Compiling…General Synthesis Problem

- 29 - https://bqskit.lbl.gov



Many opportunities to improve noisy optimization
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Optimal shuttling of atoms with optical tweezers

Pulse shaping by Q-CTRL

Chadwick, Chong, QCE23, doi:10.1109/QCE57702.2023.00145

Harvard: Bluvstein, Nature 604, 451 (2022)



Quantum algorithms rely on applied mathematics

- 31 - Urbanek, Van Beeumen, et al., J. Chem. Theory Comput. 16, 5425 (2020)

Special care needs to be taken in general 
eigensolver due to noise in data!



Camps, Van Beeumen, QCE22 - DOI:10.1109/QCE53715.2022.00029

FABLE: Fast Approximate BLock-Encodings

Block encoding: 

• Non-unitary evolution on a quantum computer:
Quantum linear systems, dynamic simulation, ground 
states, quantum thermodynamics, open quantum systems, 
… 

• FABLE circuits are:
easy to generate directly in CX, Ry and H gates
efficiently compressible

Gate complexities for 1D and 2D Laplacian

Circuit synthesis tool for block encoded operators
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Building on Quantum Subspace Expansion: 
Real-time evolution for eigenvalue extraction

Use as a basis to solve:

…

Possible to extract eigenstates by the cancellation of phases of components of the initial vector.

Initial vector

Real time evolution to generate a basis of expansion states:

Promising because unlike imaginary, real time evolution is native to quantum computing.

- 33 - Klymko, de Jong, Tubman et al., PRX Quantum 3 (2022)



Approach allows extraction of the maximal number of excited
states!

Building on quantum subspace expansion to extract excited states: 
Variational Quantum Phase Estimation (VQPE)

- 34 - Klymko, de Jong, Tubman et al., PRX Quantum 3 (2022)

Toeplitz structure means that we only need a linear number 
of measurements instead of quadratic



Noise in quantum systems is the biggest nemesis

- 35 -

Credit: N. Hanacek/NIST

Any interaction between the qubits and their environment 
leads to information loss
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Useful quantum science through error correction 

Encode the information in multiple qubits with nonlocal correlations

No information gained
Damage can be reversed 

Repair using collective measurement
No information gained



New error correction codes are being developed
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Full error correction (hardware or software) a long-term solution, 
driven by increases in qubit counts and increases in fidelity

Surface code                                            Heavy-Hexagon

Bravyi et al., npj Quant. Inf. 4, 55 (2018)                    Chamberland et al., Phys. Rev. X 10, 011022 (2020)



Simple error detection and mitigation works

- 38 -

[[4,2,2]] error correction code

Urbanek et al, Phys. Rev. A 102, 022427 (2020)

2 logical qubit H
2
 molecule on 6 qubits with minimal basis



First demonstrations of error correction in 2024
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Understanding quantum computers through validation

- 40 -Proctor et al., arXiv:2204.07568

Approach enables verification, by efficiently quantifying how accurately a 
given computer can implement a given algorithm’s quantum circuits

Uses three classes of 
”mirror circuits” whose 
success rates can be 
efficiently measured



Solving problems beyond the reach of current hardware
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ASPLOS 21 - arXiv:2012.02333

Divide-and-conquer, where the cost of stitching the problem back 
together depends on sparsity 



Race to the moon delivered many ancillary technologies
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Race for a universal quantum computer is already showing impacts 
beyond quantum computing  

Quantum-inspired algorithms 
speedup classical computing

Novel quantum hardware 
technologies find way into 

classical computing hardware

Better understanding of quantum 
physics to lead to advances in 

classical computing
CMOS sensor, using integrated circuits….



Bert de Jong                                                                      
wadejong@lbl.gov

I hope I convinced you that… 

Quantum is not scary

And math is important for quantum


