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Beyond-classical computations

(quantum advantage)
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e Progress goesin cycles
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Lessons (that | constantly forget)

Knowledge and skills accumulate
o Anything might be helpful in the future

o ldeas that you like the most stick longer, more strongly, and have more impact. Try to follow those

Some of these skills serve as bridges
o Learning new areas or changing research directions, projects, positions, ...

o Be perceptive to identify them, although it is easier in retrospect

Progress goes in cycles
o Every time you “open a door” you might get a good run of results in some direction
o Especially in such a young and interdisciplinary field: a lot has to be explored, and different ideas or angles might open a lot of room for
exploration

o Following a career path might be fueled by one of these cycles, but not necessarily

Collaborating is key
o You learn, network, get unstuck, don’t reinvent the wheel, work on relevant problems, ...
o With very few examples, good collaborative researchers are much more prolific
o Sharing rather than jumping on opportunity to collaborate

o At the personal level, usually generous researchers get further, both technically and career-wise

n Quantum Al
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Our mission is to build
quantum computing for otherwise
unsolvable problems
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A new computational model

Classical physics «» classical computers

state 00110
operation (not) !
state 10110

operation (cnot) !
state 00111
operation (...) !

Microchips, abacus, person+pencil (textbook calculations), ...

A computational model beyond Turing machines

Quantum physics < quantum computers

0.01100000> - 0.03]100001> - 0.07]00010> + ..

!
0.04100000> 4+ 0.12|00001> + 0.02[00010> + ..

!
0.20100000> + 0.00]00001> - 0.16100010> + ..

!
qubits

Superconducting qubits, trapped ions, photons, neutral atoms, ...

Quantum
computers

with application in chemistry, materials science, cryptography, optimization, Classical

machine learning, ...

computers




Superconducting qubits are printed on a 2D substrate
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Quantum error correction
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Article

Suppressing quantumerrorsbyscalinga
surface code logical qubit

hitpsi/dol.org/101038/641586-022-054341 _ Google Quantum AI*

Roceived: 13 July 2022

‘Accepted: 10 October 2022

Openaccess
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Practical quantum computing willrequire error rates well below thoseachievable
with physical qubits. Quantum error correction” ohevszvzmmaluumhm\cal\\'
relevant error rates by encoding logical qubits within many physical qubi
Tur\»hlchm(rusmgm(numhLrolphy)lulqnb‘bu\h.mu;pmluuunagamu
physical errors. However, introducing more qubits also increases the number

oferror sources, so the density of errors must be sufficiently low for logical
performance toimprove with increasing codessize. Here we report the
measurement of logical qubit performance scaling across several code sizes,
and demonstrate that our system of superconducting qubits has sufficient
performance to overcome the additional errors from increasing qubit number.
Wefind that our distance-5 surface code logical qubit modestly outperforms an
ensemble of distance-3 logical qubits on average, in terms of both logical error

probability over 25 ¢

yeles andlogical error per cycle ((2.914+0.016)% compared

10(3.028 £ 0.023)%). Toinvestigate damaging, low-probabilty error sources, we run
of

adistance 25 repetition code and observea .7 x 10!

gical error per cycle floor set

byasingle high-energy event (L6 x 10” excluding this event). We accurately model
our experiment, extracting error budgets that highlight the biggest challenges
for future systems. These results markan experimental demonstrationin which
quantum error correction begins to improve performance with increasing qubit
number,lluminating the path to reaching the logical error rates required for

computation.

Since Feynman's proposal to compute using quantum mechanics”
‘many potential applications have emerged, including factoring’,
optimiston’, nachinelears ¢, quantum simulation’ and q
¥ Theseappicationsohenrequirebillons ofquintum
perstions” ":ndmu of-the-art quantum processors typically hav
ot ates around 10 pes e, o 0O W o xeeute Such g
rulc. Fortunately, quantum error corection an exponentially
suppress the operational error rates ina quantum processor, at the
expenseafemporsland ubicovrhesd”.
ks have reported quantum error correction on codes
including the distance-3Bacon-Shor,

conti ever,acrucial ques
vhetherscling up th erorcorectng codeszewil educe logical

tes inareal device.Intheory, logical errors should bereduced if
pnmmerm.,amunmmmwwmmeqmmmpmmm| pra

ingopadeviceto

supporta code thatcancorrectatleast twoerrors nlhnuumnﬁ&mg
sate ot theartperformanc.Intisvorkwe eporta T2 qubk
oncing s PO 45Ut e 3 U1 S surtrs
code that narrowly outperformsitsaverage subset 17-qubit distance:3
surface code, demonstratinga criticalstep towardsscalable quantum
error correction.

Surface codes withsuperconducting qubits
Surface codes' “areafamily of quantumerror-correcting codes that
encodealogical qubitinto the oint entangled state of adx dsquare

Physical qubits, referred toas data qubits. The logical qubit states.
are defined by apair of anti-commuting logical observables.
FortheerampleshowninFg .42 obserbleisencoded inthejoint
Zbasis parity of alin
bottom, and kewisc an observable fsencoded n mr Joint X basis
parity traversing et toright. Thisnon
Protectsthe ogial qubi o local physicalcrors,provided e can
detectand correctthem.

Todetecterrors, we periodically measure Xand Zparities of adjacent
clusters ofdataqubits with theaid of - 1measure qubits intersperse
throughoutthelattice. As shownin Fig b, each measure qubit nteracts
it s nelghbouring data Bl tomap thein daa qubltpakty
onto the measure qubit state, which s then measured. Each parity
easurement, or stabilizer, commutes with the logical observables of
the encoded qubitas wellas every other stabilizer. Consequently, we
can detect errors when parity measurements change unexpectedly,
without disturbing the logical qubitstate.

‘Adecoder uses the history of stabilizer measurement outcomes o
inferlikely configurations of physicalerrors onthe device. We canthen

676 | Nature | Vol614 | 23 February 2023

Quantum error correction - progress

Logical qubit better than

any physical qubit
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Long term roadmap & near term machines
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Can we show beyond-classical
capabilities before we have a full-scale,
error-corrected quantum computer?



Random circuit sampling

Nature, 2019

Article

Quantumsupremacy using a programmable
superconducting processor

https://doi.org/10.1038/s41586-019-1666-5
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The promise of quantum computers is that certain computational tasks might be
executed exponentially faster on aquantum processor than on aclassical processor’. A
fundamental challenge is to build a high-fidelity processor capable of running quantum
algorithms in an exponentially large computational space. Here we report the use of a
processor with programmable superconducting qubits®” to create quantumstates on
53 qubits, corresponding to a computational state-space of dimension 2** (about 10%).
Measurements from repeated experiments sample the resulting probability
distribution, which we verify using classical simulations. Our Sycamore processor takes
about 200 seconds to sample one instance of a quantum circuita million times—our
benchmarks currently indicate that the equivalent task for a state-of-the-art classical
supercomputer would take approximately 10,000 years. This dramatic increase in
speed compared to all known classical algorithms is an experimental realization of
quantum supremacy® ™ for this specific computational task, heralding amuch-
anticipated computing paradigm.

Intheearly1980s, Richard Feynman proposed thata quantum computer Inreaching this 'stone, we show that quantum speedupis achiev-

would be an effective tool with which to solve problems in physics
and chemistry, given that it is exponentially costly to simulate large
quantum systems with classical computers'. Realizing Feynman'’s vision
poses substantial experimental and theoretical challenges. First, can
aquantum system be engineered to performa computationinalarge
enough computational (Hilbert) space and with a low enough error
rateto provide a quantum speedup? Second, can we formulate aprob-
lem thatis hard for a classical computer but easy for a quantum com-
puter? By computing such abenchmark task on our superconducting
qubit processor, we tackle both questions. Our experiment achieves
quantum supremacy, a milestone on the path to full-scale quantum
computing® ™.

‘Google Al Quantum, Mountain
Laboratory (QUAIL), NASA Ames Res
California, Santa Barbara, CA, USA. *Friedrich-Alexander University Erlangen-Narmberg (F
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Land Computer Engineering, Univ
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J), Department of Physics, Erlanger
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fundamental challenge is to build a high-fidelity processor capable of running quantum
algorithms in an exponentially large computational space. Here we report the use of a
processor with programmable superconducting qubits®” to create quantum states on
53 qubits, corresponding to a computational state-space of dimension 2** (about 10%).
Measurements from repeated experiments sample the resulting probability
distribution, which we verify using classical simulations. Our Sycamore processor takes
about 200 seconds to sample one instance of a quantum circuita million times—our
benchmarks currently indicate that the equivalent task for a state-of-the-art classical
supercomputer would take approximately 10,000 years. This dramatic increase in
speed compared to all known classical algorithms is an experimental realization of
quantum supremacy® ™ for this specific computational task, heralding amuch-
anticipated computing paradigm.

Intheearly1980s, Richard Feynman proposed thata quantum computer In reaching this milestone, we show that quantum speedup isachiev-

would be an effective tool with which to solve problems in physics
and chemistry, given that it is exponentially costly to simulate large
quantum systems with classical computers'. Realizing Feynman'’s vision
poses substantial experimental and theoretical challenges. First, can
aquantum system be engineered to performa computationinalarge
enough computational (Hilbert) space and with a low enough error
rateto provide a quantum speedup? Second, can we formulate aprob-
lem thatis hard for a classical computer but easy for a quantum com-
puter? By computing suchabenchmark task on our superconducting
qubit processor, we tackle both questions. Our experiment achieves
quantum supremacy, a milestone on the path to full-scale quantum
computing® ™.
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past few years*°, We expect that lower simulation costs than reported
here will eventually be achieved, but we also expect that they will be

consistently outpaced by hardware improvements on larger quantum
processors.
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Can we show beyond-classical
capabillities with application before we
have a full-scale, error-corrected
quantum computer?



Extensive work towards application

Quantum approximate optimization of

non-planar graph problems on a
planar superconducting processor

(Harrigan et al.,
Nature Physics 2021)

Information scrambling in
computationally complex
quantum systems

(Mi et al., Science 2021)

Formation of robust
bound states of interacting
microwave photons

(Morvan et al., Nature 2022)

Noise-resilient edge
modes on a chain of
superconducting qubits

(Mi et al., Science 2022)

Quantum advantage
in learning from experiments

(Huang et al.,
Science 2022)

Unbiasing fermionic quantum
Monte Carlo
with a quantum computer

(Huggins et al.,
Nature 2022)

Traversable wormhole
dynamics on a quantum
processor

(Jafferis et al.,
Nature 2023)

Non-Abelian braiding of graph
vertices in a superconducting
processor

---Pauli string

(Andersen et al., .
Nature 2023)

Purification-based quantum
error mitigation of pair-
correlated electron simulations

(O’Brien et al.,
Nature Physics 2023)

Measurement-induced
entanglement and teleportation on a
noisy quantum processor

(Hoke et al., Nature 2023)

Dynamics of magnetization
at infinite temperature in a
Heisenberg spin chain

(Rosenberg et al.,
Science 2024)

Constructive interference at the
edge of quantum ergodic dynamics

(Abanin et al., arXiv 2025)
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Incremental progress towards beyond-classical application
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Santa Barbara
All experimentalists, a lot of theorists/numerics, some software engineers, and
other roles.
Venice, Los Angeles
Theory/numerics, software engineers, and other roles.
Bay area (San Francisco and Mountain View)
Theory/numerics, software engineers, and other roles.
Seattle
Mostly software engineers.
Other locations

A very small number of people work from other locations.
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Roles / Backgrounds (non-exhaustive list): research & non-research

Technical roles
e Fabrication
e Characterization (device and noise modelling) and calibration
e Electronics
e Cryogenics
e Fault-tolerant quantum algorithms
e Near-term quantum applications / quantum simulation
e Computational methods and simulation
e Quantum error correction
e Open source packages (cirg, qualtran, ...)
e Real time decoding (heavily optimized code and hardware)

e Quantum computer software infrastructure
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Roles / Backgrounds (non-exhaustive list): research & non-research

Technical roles Backgrounds
e Fabrication e Experimental condensed matter physics / material science
e Characterization (device and noise modelling) and calibration e Theoretical and computational condensed matter / chemistry
e Electronics e Quantum optics
e Cryogenics e Mathematics
e Fault-tolerant quantum algorithms e Statistical mechanics
e Near-term quantum applications / quantum simulation e Theoretical computer science (complexity theory)
e Computational methods and simulation e Software engineering
e Quantum error correction e Finance (high-frecuency trading)
e Open source packages (cirg, qualtran, ...) e Aerospace
e Real time decoding (heavily optimized code and hardware) e Semiconductor industry
e Quantum computer software infrastructure e Machine learning / Al
o o
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e Student researcher program:
o Flexible appointment: full time/part time and short term/long term
o Research interviews assessing candidate’s research experience, domain knowledge, and problem-solving and

communication skills
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o Research interviews assessing candidate’s research experience, domain knowledge, and problem-solving and
communication skills
e Internship program:
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o Students in the final stages of their degree
o Interviews similar to those of the SR program
o Intended for full-time positions, if available and there is interest
e PhD fellowships:
o 2 years of funding and opportunities to collaborate with the team
o Candidates nominated by their school
o Candidates submit a proposal
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Our roadmap will need more talented people
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