Quantum error correction gets real
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How Peter Shor Changed the World

1994: “These algorithms take a number of steps
polynomial in the input size, for example, the number
of digits of the integer to be factored.”

1995: “It is shown how to reduce the effects of
decoherence for information stored in quantum
memory, assuming that the decoherence process acts
independently on each of the bits stored in memory.”

1996: “This paper shows both how to correct errors in
encoded qubits using noisy gates and also how to
compute on these encoded qubits without ever
decoding the qubits.”




Unruh, Physical Review A,
Submitted June 1994

PHYSICAL REVIEW A VOLUME 51, NUMBER 2 FEBRUARY 1995

Maintaining coherence in quantum computers

W. G. Unruh*
Canadian Institute for Advanced Reseamh Gosmology Program, Department of Physics,
University of Brilfs f—varcoarver)Canada V6T 171

The effects of the inevitable coupling to external degrees of freedom of a quantum computer are
examined. It is found that for quantum calculations (in which the maintenance of coherence over
a large number of states is important), not only must the coupling be small, but the time taken
in the quantum calculation must be less than the thermal time scale A/kpT. For longer times the
condition on the strength of the coupling to the external world becomes much more stringent.

PACS number(s): 03.65.—w

“The thermal time scale thus sets a (weak)
limit on the length of time that a quantum
calculation can take.”



Landauer, Philosophical Transactions,
Published December 1995
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“ Is Quantum Mechanics Useful?

eeeeee . [®OI: 10.1098/rsta.1995.0106

“...small errors will accumulate and cause the
computation to go off track.”



Haroche and Raimond, Physics Today,
Published August 1996

QUANTUM COMPUTING:
DREAM OR NIGHTMARE?

he principles of quantum R - two interacting qubits: a “con-
: | e acting qubits: a “con
computing were laid out cent €Xperiments have deepened DL trol” bit and a “target” bit.

about 15 years ago by com- inSight into the Wonderfully The control remains un-

puter scientists applying the counterintuitive quantum thCOI‘y. But changed, but its state deter-
superposition principle of

. mines the evolution of the tar-
quantum mephanics to com- arc they really. harbmgers of q.uantum get: If the control is 0,
puter operation. Quantum computmg? We doubt it. nothing happens to the target;
computing has recently be- if it is 1, the target undergoes

come a hot topic in physics, . . a well-defined transformation.

with the recognition that a | Serge Haroche and Jean-Michel Raimond Quantum mechanics ad-

two-level system can be pre- mits additional options. If
Therefore we think it fair to say that, unless some unforeseen new
physics is discovered, the implementation of error-correcting
codes will become exceedingly difficult as soon as one has to deal
with more than a few gates. In this sense the large-scale quantum
machine, though it may be the computer scientist's dream, is the

experimenter's nightmare.



Why quantum computing is hard

We want qubits to interact strongly with
one another.

We don’t want qubits to interact with
the environment.

Except when we control or measure
them.



—

Decoherence
—

To resist decoherence, we must
prevent the environment from
“learning” about the state of the

FRRORI quantum computer during the
' computation.




Quantum error correction

The protected “logical” quantum information is
encoded in a highly entangled state of many
physical qubits.

The environment can't access this information if it
interacts locally with the protected system.



From NISQ to FASQ

What we have now:

-- Noisy Intermediate-Scale Quantum (NISQ) machines.

-- Capable of performing thousands of two-qubit operations.
-- Becoming useful for scientific exploration.

-- Limited commercial value.

What we want to have:

-- Fault-Tolerant Application-Scale Quantum (FASQ) machines.

-- Capable of performing billions or trillions of two-qubit operations.

-- Opening a wide variety of scientific and commercial applications.

-- Need to improve error rates by many orders of magnitude!

-- Quantum error correction is essential for crossing from NISQ to FASQ.



Overhead cost of fault tolerance
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Quantum low-density parity-check codes

The n physical qubits obey n-k constraints data qubits

(“checks”), leaving k “logical” qubits.

Each logical operator acts on at least d physical
qubits (“distance” d).

Each constraint acts on few physical qubits, and
each physical qubit is involved in few constraints.

Surface code: checks are geometrically local in 2
dimensions. k=1 logical qubits per block.

¢
O @ -0 @ - 0O @ 0

High-rate codes: large k and d via nonlocal connectivity. surface code




The joy of nonlocal connectivity

Long-range connections might require complex fabrication in solid state
devices.

More natural for movable qubits in ion traps and neutral atom arrays.

Higher encoding rates with quantum low-density parity-check (qLDPC)
codes. Reduced number of physical qubits, high threshold, feasible

decoders.

Universal gate gadgets for gLDPC codes with reduced spacetime cost.

These advantages partially compensate for the slow clock speed.



What are these things?

Bivariate Bicycle (BB) Codes

Hypergraph Product (HGP) Codes

Quasi-Cyclic Lifted Product (LP) Codes
Quantum Tanner Codes

Syndrome decoding by Belief Propagation (BP)
Pauli-Based Computation (PBC)

Surgery

Algorithmic Fault Tolerance (AFT)

And lots of other stuff!



Search...

{1V > quant-ph > arXiv:2606.11484

Quantum Physics

[Submifted on 9 Jun 2026]

Handbook of Error-Correcting Codes
Victor V. Albert, Philippe Faist

Barcode scans, clear phone calls, reliable data storage, satellite communication, and large-scale quantum computation are all
made possible by error correction. We present a handbook version of The Error Correction Zoo, a curated reference of
methods for protecting classical or qguantum information from errors during storage and transmission. The handbook includes
descriptions of these error-correcting codes and a classification according to the symbols they use. It also catalogues
relations among codes and related objects such as sphere packings, lattices, designs, groups, and classical and quantum
phases of matter. The collection is intended both as a rigorous reference and as a practical aid for tracing the web of code
relationships and uncovering new connections.

Comments: |44D classical codes, 619 quantum codes, 15 c-q cndes.|ﬂnline zoo at this hittps URL. Notify zookeeper of errors or issue a pull request at this
https URL

Subjects:  Quantum Physics (quant-ph); Strongly Correlated Electrons (cond-mat.str-el); Information Theory (cs.IT); Combinatorics (math.CQO); Metric
Geometry (math.MG)




https://preskill.caltech.edu/ph219/ph219 2026.html

Ph219/CS219
Quantum Computation
Spring 2026

Course description: Ph/CS 219C is the third term in a three-term course on quantum computation and quantum information science. Topics covered in 219A included density operators, quantum operations, guantum entanglement, quantum circuits, and quantum algorithms. Ph/CS 219B covered quantum error
correction and fault-tolerant quantum computing.

Ph/CS 219C will build on 219B by covering additional topics related to error correction and fault tolerance as well as other topics to be decided. But the course should be accessible to students who did not take 219B.

Instructor:

Teaching assistants:

Kyle Gulshen, email: kgulshen(at)caltech(dot)edu

Preksha Naik, email: pnaik(at)caltech(dot)edu

TA Office hours: Tuesdays on weeks where problem sets are due. Tuesday 2-3pm in Downs 107. Please also feel free to email TAs any time to request additional office hours.

Class meetings:
Monday and Wednesday 2:30 — 3:55 pm in 269 Lauritsen, starting March 30. The lectures are in-person only and will not be recorded.
There will be no lecture on May 6.

Homework assignments and grading:
The course is graded pass-fail. Homework will be submitted, and graded homework will be returned, using Canvas.

You may receive partial credit if you describe a thoughtful approach to the problem, even if you are unable to solve it completely.

References:
The primary reference for most of the lectures will be these lecture notes (JP). Other useful books are Quantum Computation and Quantum Information by Nielsen and Chuang (NC), Classical and Quantum Computation by Kitaev, Shen, and Vyalyi (KSV), Quantum Computing Since Democritus by Aaronson, The

Other recommended lecture notes: John Watrous, Umesh Vazirani, Andrew Childs, Scott Aaronson, Ronald de Wolf
The first few weeks of the course will draw on material in Chapter 7 of the lecture notes. Notes and references for subsequent lectures will be posted.

Lectures:

March 30 and April 1: Lectures 1 and 2. Error correction review, erasure and correctability. 7.3, 7.10
April 6 and 8: Lectures 3 and 4. Cleaning lemma, bounds on local codes, string operators. 7.14, 7.19, 7.20
April 13: Lecture 5. Codes from circulant matrices and polynomials. Notes.

April 15: Lecture 6. Bivariate bicycle codes. Notes. Reference.

April 20: Lecture 7. Hypergraph product codes. Notes. Reference.

April 22: Lecture 8. Chain complexes and CSS codes. Notes.

April 27: Lecture 9. Lifted product codes. Notes. Reference.

April 29: Lecture 10. Syndrome decoding. Notes. Reference 1. Reference 2. S e e e re O r n Ot e S a n re e re n C e S
May 4: Lecture 11. Belief propagation. Notes.

May 6: No Lecture.

May 11: Lecture 12. Quantum computing by measurement. Notes.

May 13: Lecture 13. Pauli-based computation. Notes. Reference.

May 18: Lecture 14. One-way quantum computer. Notes.

May 20: Lecture 15. Lattice surgery. Notes. Reference 1. Reference 2.

May 27: Lecture 16. Gauging logical operators. Notes. Reference.

June 1: Lecture 17. Algorithmic fault tolerance. Notes. Reference 1. Reference 2.

June 3: Lecture 18. Clifford hierarchy. Notes. Reference.
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What are these things?

Bivariate Bicycle (BB) Codes

Hypergraph Product (HGP) Codes

Quasi-Cyclic Lifted Product (LP) Codes
Quantum Tanner Codes

Syndrome decoding by Belief Propagation (BP)
Pauli-Based Computation (PBC)

Surgery

Algorithmic Fault Tolerance (AFT)

And lots of other stuff!



The most important ideas in
physics in the past 40 years?

1. The holographic principle (1994)
2. Topological qguantum order (1989)
3. Quantum error correction (1995)

All three ideas are closely related!
The common thread: many-particle guantum entanglement.





