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What is this course about?

▶ Understanding the basics of quantum information and computation

▶ Charting the developments over the last approx. 30 years

▶ Where the field is currently, and what is the path forward

▶ Uncover and explore ideas for future research

Sumeet Khatri – CS6104, Spring 2025, Lecture 1 2 / 35



Course format

▶ 3/4 = lectures by me.

▶ 1/4 = presentations on recent research papers – I will provide suggestions on papers throughout the lectures.

▶ Course grading: just show up and ask lots of questions!

▶ Prerequisites: background in linear algebra is strongly recommended. But we will cover the basics!
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Course outline

▶ Part I: Basics of quantum information and computing
How do we describe the quantum world?

▶ Part II: Extracting and exploiting information from the quantum world
How to extract classical information from quantum systems?

▶ Part III: Quantum information processing over large distances
How can we perform quantum information processing and computing over large distances?
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Recommended texts

⋆ Quantum Computation and Quantum Information, by Michael Nielsen and Isaac Chuang.
⋆ An Introduction to Quantum Computing, by Phillip Kaye, Raymond Laflamme and Michele Mosca.
⋆⋆ Introduction to Classical and Quantum Computing, by Thomas G. Wong. (Nice and gentle.)
▶ Quantum Information: From Foundations to Quantum Technology Applications, by Dagmar Bruss and Gerd Leuchs

(editors). (Very broad in scope, discusses applications.)
▶ The Theory of Quantum Information, by John Watrous.
▶ Classical and Quantum Computation, by A. Yu. Kitaev, A. H. Shen, M. N. Vyalyi. (Quite advanced!)
▶ Principles of Quantum Communication Theory: A Modern Approach, by Sumeet Khatri and Mark M. Wilde. Available

at https://arxiv.org/abs/2011.04672.
▶ An Introduction to Computational Learning Theory, by Michael Kearns and Umesh Vazirani.
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Other information

▶ I will provide some recommended exercises throughout.
▶ I will provide suggestions for research papers for final presentations. Feel free to think of your own!
▶ For a hands-on experience with some of the topics: you can use the QuTIpy package:

https://github.com/sumeetkhatri/QuTIpy. If you are interested in contributing to the package, please let me
know!
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Quantum mechanics

▶ In short, the study of matter on small scales.
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Quantum mechanics

▶ In short, the study of matter on small scales.

Foundational discoveries

Planck
Blackbody radiation

E = hν
(Discrete energies)

Heisenberg
∆X∆P ≥ ℏ2

(Uncertainty relation)

Schrödinger
iℏ ∂∂t |ψ(t)⟩ = H|ψ(t)⟩

(Dynamics)

Einstein
Photoelectric effect

EPR paradox
(Entanglement)

Born
Born rule

(Measurements)

Sumeet Khatri – CS6104, Spring 2025, Lecture 1 8 / 35



Quantum mechanics

▶ In short, the study of matter on small scales.

Axiomatic mathematical formulation

Dirac von Neumann Landau

We will go through this in detail later!
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Quantum mechanics → quantum information
▶ View physical, quantum-mechanical systems as carriers of information.

0

1
Bit

0 or 1;or probabilistic
mixture

|0〉

|1〉

|−i〉 |+i〉

|+〉

|−〉

Qubit
|0〉 or |1〉;

or superposition

|ψ〉 = α|0〉+ β|1〉,
α, β ∈ C,

|α|2 + |β|2 = 1

|±〉 = 1√2 (|0〉 ± |1〉)
|±i〉 = 1√2 (|0〉 ± i|1〉)

Abstract picture:
▶ Quantum system (atoms, photons, etc.) ≡ Hilbert space.
▶ Physical evolution ≡ quantum gate/quantum channel.
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Quantum mechanics → quantum information
No-cloning theorem

There does not exist a unitary (linear) operation that can copy an arbitrary quantum state.
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Quantum mechanics → quantum information

Bell’s theorem

Correlations in quantum mechanics do not generally correspond to a local-hidden-variable model.

Nobel Prize 2022!
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Entanglement

Alice Bob

Alice and Bob images from https://levelup.gitconnected.com/quantum-key-distribution-for-everyone-f08dd5646f33
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Entanglement

Alice Bob

ρAB = σA ⊗ τB
Product state

Alice and Bob individually prepare their systems.

Alice and Bob images from https://levelup.gitconnected.com/quantum-key-distribution-for-everyone-f08dd5646f33
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Entanglement

Alice Bob

ρAB = ∑
x∈X

p(x)σ xA ⊗ τxB
Separable state

Alice and Bob individually prepare their systems via
local operations and classical communication.

Alice and Bob images from https://levelup.gitconnected.com/quantum-key-distribution-for-everyone-f08dd5646f33
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Entanglement

Alice Bob

ρAB 6= ∑
x∈X

p(x)σ xA ⊗ τxB
Entangled state

Correlations between Alice and Bob are non-local.State of the individual systems not sufficient to describe the pair.

Alice and Bob images from https://levelup.gitconnected.com/quantum-key-distribution-for-everyone-f08dd5646f33
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Entanglement

Alice Bob

|Φ±〉AB = 1√2(|0, 0〉AB ± |1, 1〉AB), |Ψ±〉AB = 1√2(|0, 1〉AB ± |1, 0〉AB)
Bell states

State is locally random,
but joint measurement results are correlated.

Alice and Bob images from https://levelup.gitconnected.com/quantum-key-distribution-for-everyone-f08dd5646f33
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Quantum information science and quantum technologies
▶ Harness superposition and entanglement to do certain tasks better/faster. (e.g., factoring, simulation)
▶ Also discover new things. (e.g., teleportation, QKD)

QuantumInformationScience

Quantum
Communication

Quantum
Computing

Quantum
Foundations

Quantum
Metrology
& Sensing
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Quantum computing
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⋆ Potential for speedups in simulating large
quantum systems.⋆ Known speedups for factoring (Shor) and
database search (Grover).



Quantum computing
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Quantum computing

Prime factorization in polynomial time!
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Quantum computing

Quadratic speedup for search problems!
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Quantum information science and quantum technologies
▶ Harness superposition and entanglement to do certain tasks better/faster. (e.g., factoring, simulation)
▶ Also discover new things. (e.g., teleportation, QKD)

QuantumInformationScience

Quantum
Communication

Quantum
Computing

Quantum
Foundations

Quantum
Metrology
& Sensing
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Quantum communication

⋆ Using quantum systems and quantum strategies to send bits and qubits.

Alice Bob
Ideal quantum channel from Alice to Bob.
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Quantum communication

⋆ Using quantum systems and quantum strategies to send bits and qubits.

N
Alice Bob

Noisy quantum channel from Alice to Bob, models imperfections in the transmission medium.
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Quantum communication
Teleportation: shared entanglement + classical communication = transmission of an arbitrary quantum state
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Quantum communication
Teleportation: shared entanglement + classical communication = transmission of an arbitrary quantum state

|Φ+〉AB

|ψ〉A′

|ψ〉B

Alice
Bob

BellMeasurement

X x Z z

z
x
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No physical transmission of quantum systems! Only classical communication!



Quantum communication
Quantum key distribution: private classical communication with quantum strategies/resources
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Quantum communication
Quantum key distribution: private classical communication with quantum strategies/resources

Source

Alice Bob

Classicalauthenticatedmessages

0110...

1100...
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Quantum information science and quantum technologies
▶ Harness superposition and entanglement to do certain tasks better/faster. (e.g., factoring, simulation)
▶ Also discover new things. (e.g., teleportation, QKD)

QuantumInformationScience

Quantum
Communication

Quantum
Computing

Quantum
Foundations

Quantum
Metrology
& Sensing
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Quantum hypothesis testing and estimation theory

⋆ A precursor to quantum (machine) learning!
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Quantum hypothesis testing and estimation theory

⋆ A precursor to quantum (machine) learning!

ρ or σ
{Mρ,Mσ}

Guess “ρ” if outcome is Mρ

Guess “σ ” if outcome is Mσ
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Quantum hypothesis testing and estimation theory

⋆ A precursor to quantum (machine) learning!

n copies ofρ or σ

{M (n)ρ ,M (n)σ }

Guess “ρ” if outcome is M (n)ρ

Guess “σ ” if outcome is M (n)σ
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Quantum hypothesis testing and estimation theory

⋆ A precursor to quantum (machine) learning!

Yes

NoMeasure

Success

Failure
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More recent developments
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⋆ Making actual qubits is hard.

⋆ Theoretical protocols do not perform as expected – there are errors!
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The problem: noise!

⋆ Causes of noise: interaction with the environment, imperfections in the medium.⋆ Mathematical model: completely positive trace-preserving map (comes from the Schrödinger equation).⋆ Noise means that theoretical schemes do not necessarily work exactly as described in practice!
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Consequences of noise for quantum computation

⋆ So far, we assumed that every gate Ui is unitary.

⋆ In practice, there are two types of errors:
▶ Coherent errors: Ũi instead of Ui .
▶ Incoherent errors: A quantum channel Ni instead of Ui

U1

U2

U3

U4

U5

U6

U7

U8

U9

U10

⋆ How much noise can we tolerate while still doing a useful computation?
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Fighting noise and errors
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Fighting noise and errors
▶ Analogous to (classical) error correction,

0 7→ 000, 1 7→ 111.
|0⟩ 7→ |0, 0, 0⟩, |1⟩ 7→ |1, 1, 1⟩.

▶ Fault-tolerant schemes allow for error-free
computation, in principle.

▶ But this requires many good-quality qubits:
∼ 1000 physical qubits per logical qubit.

▶ We currently have:
▶ Limited number of qubits (≈ 100).
▶ Limited connectivity between qubits.
▶ Limited circuit depth due to noise.

⋆ Much current work is devoted to
discovering and implementing
error-correcting codes!

From [https://www.osti.gov/servlets/purl/1640593]

From [PRA 86, 032324 (2012)]
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Status of current quantum computers

[https://www.ibm.com/quantum/technology]
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Status of current quantum computers

[arXiv:1801.00862]
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Status of current quantum computers

[arXiv:1801.00862]
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Focus on “quantum advantage”
⋆ What problems are “hard” on classical computers, which might be efficient for quantum computers?

[arXiv:1203.5813]
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Focus on “quantum advantage”
⋆ What problems are “hard” on classical computers, which might be efficient for quantum computers?

[arXiv:2209.06930]
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Focus on “quantum advantage”
⋆ What problems are “hard” on classical computers, which might be efficient for quantum computers?

[arXiv:2211.07629]
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Sampling from (noisy) random circuits

[arXiv:1011.3245]
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Sampling from (noisy) random circuits

[arXiv:1702.03061]
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Sampling from (noisy) random circuits

[arXiv:1803.04402]
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Sampling from (noisy) random circuits

[Nature 574, 505 (2019)]
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Classical simulation
⋆ What is the boundary between classical and quantum?

[arXiv:1801.00862]

Sumeet Khatri – CS6104, Spring 2025, Lecture 1 32 / 35



Classical simulation
⋆ What is the boundary between classical and quantum?

[arXiv:1801.00862]
▶ Roughly: we can simulate low-entangled states using tensor networks.
▶ Many approximation algorithms have been developed, e.g., in condensed matter theory and quantum chemistry.
▶ Sufficiently noisy circuits can be classically simulated!
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Classical simulation
⋆ What is the boundary between classical and quantum?

[arXiv:2211.03999]
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Dequantization
⋆ Quantum algorithms sometimes inspire better classical algorithms!
(classical algorithms with only polynomial slowdown compared to the quantum one)

[arXiv:1807.04271]
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Dequantization
⋆ Quantum algorithms sometimes inspire better classical algorithms!
(classical algorithms with only polynomial slowdown compared to the quantum one)

[arXiv:1811.00414]
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Dequantization
⋆ Quantum algorithms sometimes inspire better classical algorithms!
(classical algorithms with only polynomial slowdown compared to the quantum one)

[arXiv:2112.00811]
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Consequences of noise for quantum communication
⋆ Entangled states are not perfect!

|Φ+〉AB

|ψ〉A′

|ψ〉B

Alice
Bob

BellMeasurement

X x Z z

z
x

⋆ Making the entanglement stronger requires distillation! An ongoing area of research!
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ρAB

|ψ⟩A′
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Alice
Bob
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X x Z z

z
x
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Quantum information theory
forquantum technologies

Quantum
informationtheory

Physics of
quantum
systems

in practice

Useful tools
▶ Mathematical structure of quantum states and quantum evolutions (channels). This allows for physical modeling that is

agnostic to the specific physical implementation!
▶ Randomness (e.g., Haar measure).
▶ Linear and semi-definite programming.
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