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Please ask questions during the lectures!

You will learn more.

The lectures will be more fun for you.

Great practice for the future. 

You will stay awake 
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Fantastic story of classical computing 

Picture sources: ethw.org/Transistors, wiki/IBM_Personal_Computer, wiki/Floppy_disk, wiki/ThinkPad, wiki/Supercomputer, realtechexperts.com/advantages-of-internet-in-entertainment/ 
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Transistor density: average number of transistors per unit area

The end of Moore’s law

Moore's law: the number of transistors in a dense integrated circuit doubles about every two years

Gordon Moore, 1965



Information is physical

Any processing of information 

is always performed by physical means

Bits of information obey laws of classical physics.

The nearest neighbor distance in Si lattice is 0.235 nm – gate size of 2 nm means 10 Si atoms.



Why Quantum Computers?

Computer technology is 

making devices smaller 

and smaller…
…reaching a point where classical 

physics is no longer a suitable model for 

the laws of physics.

• Many problems are intractable on classical computers (no efficient algorithms to solve them).
• Quantum simulation   



Fundamental building blocks 
of classical computers:

BITS

STATE: 

Definitely

0 or 1

Bits & Qubits

Fundamental building blocks 
of quantum computers:

Quantum bits 

or

QUBITS 

Basis states:      and0 1

Superposition:

0 1ψ α β= +



Measurement

• Classical bit: we can find out if it is in state 0 or 1 and the 

measurement will not change the state of the bit.

• Qubit:

Qubits: measurement

QO
FR

Quantum calculation:

number of parallel processes

due to superposition



• Superposition

• Measurement

 Classical bit: we can find out if it is in state 0 or 1 and the measurement will not change 

the state of the bit.

 Qubit: we cannot just measure α and β and thus determine its state! 

We get either        or       with corresponding probabilities |α|2 and |β|2.

 The measurement changes the state of the qubit!

Bits & Qubits: primary differences

0 1

0 1ψ α β= +

2 2

1α β+ =



Multiple qubits Hilbert space is a big place!Hilbert space is a big place!Hilbert space is a big place!Hilbert space is a big place!
- Carlton Caves



• Two bits with states 0 and 1 form four definite states 00, 01, 10, and 11.

• Two qubits: can be in superposition of four computational basis set states. 

Hilbert space is a big place!Hilbert space is a big place!Hilbert space is a big place!Hilbert space is a big place!
- Carlton Caves

00 01 10 11α β γ δψ = + + +

2 qubits        4 amplitudes

3 qubits         8 amplitudes

10 qubits       1024 amplitudes 

20 qubits          1 048 576 amplitudes

30 qubits        1 073 741 824 amplitudes

500 qubits More amplitudes than our estimate of  

number of atoms in the Universe!!!

Multiple qubits



Entanglement

0 1

2

0 1
ψ

+
=

Results of the measurement

First        qubit  0 1   

Second qubit 0 1

ψ α β≠ ⊗ Entangled

states



Logic gatesLogic gatesLogic gatesLogic gates

Classical NOT gate
Quantum NOT gate

(X gate)

A N O T  A 

0 1 

1 0 
 

 

A NOT A

The only non-trivial 

single bit gate

X10α β+ 01α β+

Matrix form representation
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More single qubit gates

Any unitary matrix U will produce a quantum gate!

Z0 1α β++++ 0 1α β−−−−
1 0

0 1
Z

 
=  − 

1 11

1 12
H

 
=  − 

H0 1α β+
0 1 0 1

2 2
α β

+ −
+

Hadamard gate:



Universality: quantum  computation

How many quantum gates do we need to build any quantum gate?
Any n-qubit gate can be made from 2-qubit gates.

(Since any unitary n x n matrix can be decomposed to product of two-level matrices.)

Only one two-qubit gate is needed!



Quantum circuits: quantum teleportation

QT: Technique for moving quantum states around, even in an absence of quantum communication channel.



Quantum circuits: quantum teleportation



Slide credit: Chris Monroe, from  Patrick Kennedy, https://www.servethehome.com/ionq-quantum-computing-at-hot-chips-33/ 

Need smart algorithms!



Slide credit: Chris Monroe, from  Patrick Kennedy, https://www.servethehome.com/ionq-quantum-computing-at-hot-chips-33/ 

Practical applications: need millions of qubits and billions of gates



Quantum cryptographyQuantum cryptographyQuantum cryptographyQuantum cryptography



Scytale - the first known mechanical device to implement 

permutation of characters for cryptographic purposes 

Classical cryptography



Classical cryptography

Private key cryptography

How to securely transmit a private key?



Key distribution

A central problem in cryptography: 

the key distribution problem. 

1) Mathematics solution: public key cryptography.

2) Physics solution: quantum cryptography. 

Public-key cryptography relies on the computational difficulty of certain 
hard mathematical problem (computational security)

Quantum cryptography relies on the laws of quantum mechanics
(information-theoretical security). 

One can not copy a qubit!!!



Quantum key distribution

• Quantum mechanics: quantum bits cannot be copied or monitored. 

• Any attempt to do so will result in altering it that can not be corrected. 

• Problems

• Authentication

• Noisy channels

A quantum communication channel: 

physical system capable delivering quantum systems 

more or less intact from one place to another (photons).



Information is physical

What do we need to build a quantum computer? 

Memory: a scalable physical system with well characterized qubit

Initialization: ability to prepare one certain state repeatedly on demand, for example 
put all to zero at the start. 

Ability to perform (universal) logical operations.

Long relevant decoherence times: small error rate (that can be fixed). 

Ability to efficiently read out the result.

DiVincenzo criteria (2000)



Slide credit: Chris Monroe, https://boulderschool.yale.edu/sites/default/files/files/BoulderLec1%202021.pdf



qubit

qubit   

Encoding of quantum information requires long-lived atomic states:

 microwave transitions 

9Be+, 25Mg+, 43Ca+, 87Sr+, 
137Ba+, 111Cd+, 171Yb+

 optical transitions

Ca+, Sr+, Ba+, Ra+, Yb+, Hg+ etc.

S1/2

P1/2

D5/2

S1/2

P3/2

Qubits with trapped ions
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„quantum

bit“

Trapped ion quantum computer in 2005

Slide credit: Timo Koerber



Ion trap with 80 Yb+ ions

Picture credit: Chris Monroe, https://boulderschool.yale.edu/sites/default/files/files/BoulderLec1%202021.pdf

qubit

S1/2



Slide credit: Chris Monroe, from  Patrick Kennedy, https://www.servethehome.com/ionq-quantum-computing-at-hot-chips-33/ 



Quantum computer with superconducting qubits

The innards of an IBM quantum computer show the tangle of cables used to control and read out its 127 qubits. 

Credits: IBM Nature, 599, 542 (2021); Google, New Scientist (chip)



How good is a quantum computer?

Slide credit: Chris Monroe, https://boulderschool.yale.edu/sites/default/files/files/BoulderLec1%202021.pdf



Connectivity between qubits

21 qubits fully connected
21 qubits nearest-neighbor connected

Fully connected scaling to 

1000 qubits with trapped ions

Nature Quant. Inf. 2, 16034 (2016)
Picture credits: Chris Monroe, https://boulderschool.yale.edu/sites/default/files/files/BoulderLec2%202021.pdf 

https://boulderschool.yale.edu/sites/default/files/files/BoulderLec3%202021.pdf



What would you do with less then 100 qubits?

Quantum simulations



Quantum simulation: Exotic Magnetism 
Dynamical Phase Transition with 50+ Qubits



How to compare quantum computers based on 
different hardware?

Measuring the capabilities of a quantum computer requires a measurement that can summarize the complex 

operation.

Quantum Volume is a metric that can be used to express the effectiveness of a given quantum computer. 

• Number of physical qubits N.

• Connectivity between qubits.

• Number of gates that can be applied before errors 

or decoherence mask the result.

• Available hardware gate set.

• Number of operations that can be run in parallel.

Quantum Sci. Technol. 3 (2018) 030503

The dashed line denotes the tipping point 

where circuit depth d = N.



https://www.hpcwire.com/off-the-wire/quantinuum-announces-quantum-volume-4096-achievement/



What will you do with a 1000 qubits?

• A broad range of quantum simulations in physics and quantum chemistry

• Quantum-assisted machine learning, particularly in the realm of problems that are 

intractable for classical machine learning.

• Quantum optimization algorithms (possible classical-quantum hybrids)

• Learn how to program and optimize a large-scale quantum computer

• Learn how best to characterize and optimize fault-tolerant protocols

Review: Noisy intermediate-scale quantum (NISQ) algorithms, arXiv:2101.08448v2

Quantum Science and Technology focus issues: https://iopscience.iop.org/journal/2058-9565/page/What-

would-you-do-with-1000-qubits



Quantum error correction



https://www.bcg.com/en-us/publications/2019/quantum-computers-create-value-when



Where Will Quantum Computers Create Value - and When?
Report of the Boston Consulting Group

https://www.bcg.com/en-us/publications/2019/quantum-computers-create-value-when



Quantum computing: predicting the future!

2022

?


