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Vocabulary for this talk:

Classical Mechanics:  (Galileo & Newton, 17th century)

Objects move along well-defined (and completely predictable)
trajectories determined by the forces (e.g. gravity) acting on them.  

This theory works perfectly for large objects 
(sand grains, baseballs, satellites, planets, galaxies). 

Apollo 11 Lunar Module.  Credit: Michael Collins

By NASA - http://www.hq.nasa.gov/alsj/a410/A08_MissionReport.pdf, Public Domain, 
https://commons.wikimedia.org/w/index.php?curid=19587968
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Vocabulary for this talk:

Classical Mechanics:  (Galileo & Newton) fails in certain extreme limits (e.g., small size: electrons, atoms, …)

Quantum Mechanics: Same predictions as classical mechanics for large objects, but very different (and correct) 
at the atomic scale.  The most accurate theory in all of the physical sciences.

Particles do NOT have well-defined trajectories—they take all possible trajectories!
Particles act like waves.

By Stannered - File:Ebohr1.svg, CC BY-SA 3.0, 
https://commons.wikimedia.org/w/index.php?curid=19054719

Classical picture: electron 
‘planetary orbit’ around 

proton in Hydrogen

proton

Quantum wave picture of electrons

electron
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Vocabulary for this talk:

Classical Mechanics:  (Galileo & Newton) fails in certain extreme limits (e.g., small size: electrons, atoms, …)

Quantum Mechanics: Same predictions as classical mechanics for large objects, but very different (and correct) 
at the atomic scale.

Particles do NOT have well-defined trajectories—they take all possible trajectories!
Particles act like waves.

Classical Computers:  Ordinary electrical/mechanical devices that follow the laws of classical mechanics.

Quantum Computers:  A completely new type of computer based on the laws of quantum mechanics.
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The First Quantum Revolution   1900-1950
• Quantum theory describes behavior at atomic (and now larger) scales.

• Particles act like waves (e.g. electrons).  
• Waves act like particles (e.g. photons).
• Counter-intuitive effects involving

• uncertainty and ineluctable randomness (‘superposition’)
• ‘spooky action at a distance’ (‘entanglement’)
• act of measurement affects the quantum state
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position    x

Quantum wave before measurement. 
Particle does not have a definite position.
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measuredx
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Einstein invented the idea of the particle of light, 

the ‘photon’, and other ideas central to the 

subsequent development of quantum mechanics. 

---

But he was never happy with the non-deterministic 

nature of the theory.

‘God does not play dice.’
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‘The joke is, that it was Einstein 

who gave God the dice.’
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The First Quantum Revolution   1900-1950

Spectrum light from a
compact fluorescent bulb
reflected from a compact disk
demonstrates quantized 
energy levels of atoms.

The inventors of the quantum theory a century ago
 were doing curiosity-driven fundamental research
 about light and atoms.

There were no conceivable applications.
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The First Quantum Revolution   1900-1950
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The First Quantum Revolution   1900-1950

The inventors of quantum mechanics did not foresee these quantum devices.
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The First Quantum Revolution   1900-1950

The inventors of quantum mechanics did not foresee these quantum devices.

The inventors of these quantum devices did not foresee their applications.
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1953
Atomic Clocks

20th Century Tech Revolution
Charles Townes
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1953
Atomic Clocks

20th Century Tech Revolution

GPS

Charles Townes
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20th Century Tech Revolution

Transistor
1947

Bardeen, Brattain, Shockley
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20th Century Tech Revolution

Transistor
1947

Bardeen, Brattain, Shockley
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20th Century Tech Revolution

Transistor
1947 Current rate of transistor production?   

Bardeen, Brattain, Shockley
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20th Century Tech Revolution

Transistor
1947 Current rate of transistor production?   

>20 trillion/sec !!
Bardeen, Brattain, Shockley
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We have recently come to understand that these quantum devices 
do not harness the full power available to quantum machines.

A second revolution is underway for the 21st Century 
We cannot foresee its consequences. 
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The new idea:
The strangest aspects of the quantum theory

uncertainty, randomness and ‘spooky action at a distance’
are not bugs, but rather features 

we can use in techonologies.

A second revolution is underway for the 21st Century 
We cannot foresee its consequences. 
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• Quantum computing: a completely new way to store and process information.

21st Century: The Second Quantum Revolution
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• Quantum computing: a completely new way to store and process information.

• Superposition: each quantum bit can be ‘both zero and one’ (but not really)

 (uncertainty is a feature!)

21st Century: The Second Quantum Revolution
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• Quantum computing: a completely new way to store and process information.

• Superposition: each quantum bit can be ‘both zero and one’ (but not really)

 (uncertainty is a feature!)

• Entanglement:                  qubits in different parts of the computer can have non-

classical correlations permitting teleportation of states and gate operations

    (Einstein objected to this ‘Spooky action at a distance.’)

21st Century: The Second Quantum Revolution

01 10−
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• Quantum computing: a completely new way to store and process information.

• Superposition: each quantum bit can be ‘both zero and one’ (but not really)

 (uncertainty is a feature!)

• Entanglement:                  qubits in different parts of the computer can have non-

classical correlations permitting teleportation of states and gate operations

    (Einstein objected to this ‘Spooky action at a distance.’)

Quantum irony: Daily routine engineering and calibration test: 
 Carry out spooky operations that Einstein said were impossible!

21st Century: The Second Quantum Revolution

01 10−
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• Quantum computing: a completely new way to store and process information.

• Superposition: each quantum bit can be ‘both zero and one’ (but not really)

 (uncertainty is a feature!)

• Entanglement:                  qubits in different parts of the computer can have non-

classical correlations permitting teleportation of states and gate operations

    (Einstein objected to this ‘Spooky action at a distance.’)

• Massive parallelism:  perform computations that are impossible 

  on ANY conventional computer.  Not because of clock speed but 

rather complexity of tasks scales differently with problem size.

21st Century: The Second Quantum Revolution

01 10−

 vs. q NNT e
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Classically 
easy

Quantum
easy

Quantum
hard

Multiplication

Factorization
(breaks RSA encryption)

Quantum Chemistry
(e.g. catalyst and 

drug design)

Simulation of 
quantum system 

dynamics

What powers do quantum machines have?
We aren’t actually sure…still a partially open problem in quantum CS.

The realization that quantum information processors can be vastly more powerful than traditional 
computers has overturned the foundations of theoretical computer science established nearly a 
century ago by Church and Turing.

Privacy enhancement

?

Optimization 
(e.g. logistics, finance)

?

Open research problems:  
• quantum complexity classification 
• quantum heuristics
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Potential applications of quantum information technologies

Finance:
 options pricing

Logistics:
 scheduling of aircraft, crews, routes
 supply chain delivery optimization

Pharmaceuticals:
 targeted drug design
 optimization of drug binding to target requires solving the quantum equations of chemistry

Quantum Sensing:
 navigation in GPS denied environments

Quantum encryption:
 secure communication protected by the laws of quantum physics



China’s Micius Satellite for Quantum Communication
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Credit: Jin Liwang/Xinhua via ZUMA Wire

Vienna
Quantum computers can break 
classical communication codes 
(RSA).

Quantum communication is 
secure even against quantum 
computers.
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“0” “1”

Information is stored in, and transmitted by, physical systems

e.g., stored in physical position of a switch; 

        transmitted by light

Information is physical.

Classical bits 
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Quantum bits (‘qubits’) 

Quantum information is stored in the physical states of a quantum 
system: 
• atoms, molecules, ions, 
• photons,
• superconducting circuits, 
• mechanical oscillators, …

Information is physical.

ENERGY

0

2

1

4
3

}Discrete quantized energy levels
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Quantum information is digital:

ENERGY

0

2

1

4
3

}

Energy levels of a quantum system are discrete. 

We (typically) use only the lowest two.

Measurement of the state of a qubit 
yields one classical bit of information: 
Measurement result is always 0 or 1.
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Quantum information is analog:

A quantum system with two distinct states can exist in an 
Infinite number of physical states (‘superpositions’)
intermediate between       and       . 

ENERGY

0

2

1

4
3

STATE

STATE} 1 =

0 =

State defined by 
‘spin polarization vector’ 
on Bloch sphere
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A classical register of states:

000 , 001 , 010 , 011 , 100 , 101 , 110 , 111

A quantum register can hold an exponentially large superposition of 

all possible 2 states

000 000 001 010 011 100 1

 bits can be in 1 of 2N

N

N

 + − − + + 01 110 111

that can be created in one time step!

+ −

Arbitrary complex coefficients

Feature:  
Qubit is in ‘both states at once,’ [sort of…] so we can do 
parallel processing.  Potential exponential speed up.
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A classical register of states:

000 , 001 , 010 , 011 , 100 , 101 , 110 , 111

A quantum register can hold an exponentially large superposition of 

all possible 2 states

000 000 001 010 011 100 1

 bits can be in 1 of 2N

N

N

 + − − + + 01 110 111

that can be created in one time step!

+ −

Even a small quantum computer of 53 qubits has a state space so large 
(1 petabyte) that its operation is difficult to simulate on a conventional 
supercomputer. 

Arbitrary complex coefficients

Feature:  
Qubit is in ‘both states at once,’ [sort of…] so we can do 
parallel processing.  Potential exponential speed up.
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A quantum register can hold an exponentially large superposition of 

all possible 2 states

000 000 001 010 011 100 101 110 111

N

 + − − + + + −

Feature:  Since this includes all possibilities, the answer to our calculation is in here!
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A quantum register can hold an exponentially large superposition of 

all possible 2 states

000 000 001 010 011 100 101 110 111

N

 + − − + + + −

Feature:  Since this includes all possibilities, the answer to our calculation is in here!

Bug:  Measurement yields an almost completely random bit string.
          (Not likely to be the correct answer.)
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Q: How can quantum algorithms produce useful results 
instead of random noise?

A: Quantum particles (and qubits) have wave-like properties.  
Use wave interference.

+            =
Constructive interference:
Higher intensity means 
higher probability of seeing 
this in the answer.

+            =
Destructive interference:
Lower intensity means lower 
probability of seeing this in 
the answer.
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A quantum register can hold an exponentially large superposition of 

all possible 2 states

000 000 001 010 011 100 101 110 111

N

 + + + + + + +

000 001 010 011 100 101 110 111+ + + + + + +

Apply wave-like 
destructive interference 
to eliminate (many of) the 
“wrong” answers.

INPUT 
(superposition)

OUTPUT
“focused” on correct answerMeasurement then yields the correct answer with high probability.

Quantum 
computer 
program
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A quantum register can hold an exponentially large superposition of 

all possible 2 states

000 000 001 010 011 100 101 110 111

N

 + + + + + + +

000 001 010 011 100 101 110 111+ + + + + + +

Apply wave-like 
destructive interference 
to eliminate (many of) the 
“wrong” answers.

INPUT 
(superposition)

OUTPUT
“focused” on correct answerMeasurement then yields the correct answer with high probability.

Quantum 
computer 
program

Grand Challenge of quantum algorithm development:
How do we make the right shape for the “focusing lens” 
for problems where we don’t yet know the answer?
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Quantum Hardware

• Trapped ions
• Cold atoms in optical lattices
• Superconducting electronic circuits
• Quantum ‘dots’
• …..
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Building a (superconducting) quantum computer
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~1 mm

‘Transmon’ Qubit = ‘artificial atom’ 
                                     with quantized energy levels

Emits and absorbs microwave ‘light’

Must be cooled down to temperatures near 
absolute zero.

Josephson
tunnel

junction~ 5f GHzEn
er

gy

0

1

Antenna pads 
are capacitor 

plates

“Circuit QED”

200 nm

AlOx tunnel 
barrier

‘transistor of 
quantum computing’
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The first all-electronic quantum processor (2009)

Lithographically produced 
integrated circuit with 
semiconductors replaced by 
superconductors.

Current industrial systems  are 
direct massive engineering 
scale-ups of this first device.

Nature 460, 240 (2009)

“Circuit QED:” artificial atoms 
coupled to microwave photons
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Google: Daniel Sank and Sundar Pichai 

IBM: Hanhee Paik 

Chad Rigetti

Quantum Circuits, Inc.
of New Haven

(Now part of D-Wave)

Intel
AWS
Microsoft
Northrop-Grumman
Rigetti
…

Out of the lab and into 
industry:

• Circuit QED 
architecture

• Transmon qubits
• Dispersive readout
• Quantum bus
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Nobel Prize in Physics 2025

“for the discovery of macroscopic quantum mechanical tunnelling 
and energy quantisation in an electric circuit”

John Clarke
(Emeritus, Berkeley)

Michel Devoret
(Emeritus, Yale)

John Martinis
(Emeritus, UCSB)

The prize was awarded for the work Michel did as a postdoc at Berkeley in the 1980’s.

The foundational significance of the original work only became clear through the work 
by the quantum team at Yale over the last 25 years developing ‘circuit QED.’
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Stockholm Konserthus, December 10, 2025

© Nobel Foundation

© Nobel Foundation



Stockholm Konserthus, December 10, 2025

Gathering of the Yale group after the four-hour 
banquet and speeches during which we were 
required to remain seated while the King and 
Queen were present.

Jack Steve Michel Rob Leonid 
Harris       Girvin  Devoret  Schoelkopf  Glazman
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The huge information content of quantum superpositions comes with a price:

Great sensitivity to noise perturbations and dissipation.

ENERGY

0

2

1

4
3

0 STATE

1 STATE} 



Danger:
Errors are continuous!

No-Go Theorem for analog 
classical computation: 

error correction is impossible!
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The
Quantum Error Correction

Problem
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The
Quantum Error Correction

Problem

I am going to give you an unknown quantum state.
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The
Quantum Error Correction

Problem

I am going to give you an unknown quantum state.

If you measure it, it will change randomly due to state 
collapse (‘back action’).
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The
Quantum Error Correction

Problem

I am going to give you an unknown quantum state.

If you measure it, it will change randomly due to state 
collapse (‘back action’).

If it develops an error, please fix it.
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The
Quantum Error Correction

Problem

I am going to give you an unknown quantum state.

If you measure it, it will change randomly due to state 
collapse (‘back action’).

If it develops an error, please fix it.

Mirable dictu:  It can be done!     (in principle)
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A second revolution is underway for the 21st Century 

• We are currently  in the ‘NISQ Era.’
• We have invented the quantum 

abacus or maybe the quantum 
vacuum tube--

• Rudimentary quantum computers 
exist but do not yet work well.

We cannot foresee its consequences. 

Many grand challenges remain to be solved.

We are only just now beginning to be able to perform 
quantum error correction during computations.
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Solving Grand Challenges will require the whole village:

Quantum mechanics, Quantum optics,
Circuit QED

Ultra-high-speed digital, analog, 
microwave electronics, FPGA, RFSOC

Programming languages, 
Compilers, Hardware Design

Control theory, Coding theory, 
Computational Complexity theory, 

Networks, Systems, Information theory

QIS

Physics Applied 
Physics

Computer 
Science & 

Engineering

Electrical 
Engineering

Quantum 
Chemistry

Materials 
Science

Building a Quantum Engineering 
Undergraduate Program 

IEEE Transactions on Education 65, 220 (2022) 
[arXiv:2108.01311]

QPU

MASSIVE
CPU

Signals I/O

https://arxiv.org/abs/2108.01311


QuantumInstitute.Yale.edu Quantum.Yale.edu

58

Caution: 
hype/technology-readiness-level

 ratio is high

Decades of basic research will be 
needed to create revolutionary new 

technologies
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Now that you are experts, here is a quiz (with answers):
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Now that you are experts, here is a quiz (with answers):

Q: Is quantum information carried by waves or by particles?
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Now that you are experts, here is a quiz (with answers):

Q: Is quantum information carried by waves or by particles?

A: Yes!
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Now that you are experts, here is a quiz (with answers):

Q: Is quantum information carried by waves or by particles?

A: Yes!

Q: Is quantum information analog or digital?
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Now that you are experts, here is a quiz (with answers):

Q: Is quantum information carried by waves or by particles?

A: Yes!

Q: Is quantum information analog or digital?

A: Yes!
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When it comes to quantum mechanics you have to ‘think different’

Quantum information is carried by
waves and particles.

Quantum information is analog and digital.

Quantum error correction is possible.

Hardware is still very crude…
We have long way to go!

1947 transistor
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When it comes to quantum mechanics you have to ‘think different’

2nd Revolution: 
New understanding that quantum weirdness is a feature, not a bug!

Quantum information is carried by
waves and particles.

Quantum information is analog and digital.

Quantum error correction is possible.

Hardware is still very crude…
We have long way to go!

1947 transistor
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