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What is Quantum Computation?
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What actually is quantum computation?
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Question/Input

physical model 
e.g the fundamental 
laws of chemistry, 
or Quantum Chromodynamics 
(“Quantum Many Body Systems”) 

Answer

understand how complex molecules, 
proteins etc. form from fundamental 
laws of nature; 
understand how QCD thermalizes

Algorithm

?
“practically computable”  

if resources required 
 do not scale  

exponentially but polynomially 
with the complexity 

of the input

Today:  
Nuclear Theory  

Perspective



What actually is quantum computation?
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find synthetic catalysts that transform CO2  
into chemicals of higher value 

Lengthy trial and error lab experiments,  
thousands of molecular combinations 

(classical) computer simulations: 
resources “exponentially” with the complexity of  
the problem

© von Burg et al., 
M. Hoyer,  
Microsoft, ETH Zürich

© Scientific American

Example: Carbon fixation 

disclaimer: I am not a chemist!

Some problems are quantum computable (but not classical) 
because their nature is essentially quantum mechanical (such as chemistry)



Basics: classical vs. quantum
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Classical 1 0 1 1 “bits” can be either 1 or 0
20 + 21 + 23 = 11

what this actually means in a computer:  
electric current in “wires” and circuits

V > V0 → 1

V < V0 → 0
0

V0

60 billion transistors
 from 0 to 1 per sec109

~5nm (= m)5 ⋅ 10−9



Basics: classical vs. quantum
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What happens at  m (“Bohr radius” ~ size of atoms) ?5 ⋅ 10−11

1

0
“qubits”

|1⟩

|0⟩

What if we could harness the laws of  
quantum mechanics to make a computation?

Richard Feynman 1981 
“Nature isn't classical, dammit, and if  
you want to make a simulation of nature,  
you'd better  make it quantum mechanical…” 

At this scale, the laws of quantum mechanics become important

+
-

Atoms also have discrete “states”, just like bits! 
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Basics: classical vs. quantum
What is so different about quantum bits (qubits)?

(*) no cats were harmed during the making of this presentation

Of course … you all waited for it …  Schroedinger’s cat! (*) 😻  

Quantum mechical superposition: can be in multiple states simultaneously

1

0
classically, the north and 
south pole are allowed states 
(“either 0 or 1”, no super- 
position)

quantum mechanically, 
any point on the sphere 
is allowed, e.g. here 

 

(“any superposition of 1 and 0”) 

1

2
|1⟩ +

1

2
|0⟩
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Basics: Quantum 101

Size of Hilbertspace grows exponentially  
~  with quantum mechanical degrees  
of freedom N!
2N
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Basics: Quantum 101
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Basics: Quantum 101
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Basics: classical vs. quantum
Classical computers have a hard time 
computing something that is quantum mechanical

How many states can the atoms, making up this 
molecule, be in? 

simplification: assume 2 states per atom 200 “2 state”atoms =  coefficients, 
earth consists of  atoms. Not  
enough atoms to build (classical) RAM memory 
 
Yet if you could use 200 qubits, you could do  
the computation

2200 ∼ 1060

∼ 1050

What about the states of a gold ion?

Matrix equation of size  
2197 ∼ 1059



Quantum Computation for Physics
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What can we learn about the fundamental forces of  
nature,  such as the theory of the strong interactions  
that binds together protons, neutrons and nuclei?

© natureVery few problems can be solved on classical computers

“Lattice Gauge Theory”

mass of the proton ☑ 
(after ~45 years of development 
only cost us a lot of $$)

The interesting problems can’t!

therm
aliza

tion?
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Quantum Computation for Physics
Quantum Many-Body Theory  Quantum Field Theory→

Example: (Quantum) Electrodynamics

Every x lables on quantum mechanical degree of freedom
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Quantum Computation for Physics
Quantum Field Theory  Lattice Quantum Field Theory→

Lattice Quantum Field Theory ~ Quantum Many Body Theory
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Quantum Computation for Physics
Challenges

Gauge Theories (e.g. Quantum Electrodynamics, QED)

Redundancy, not all dofs are physical

Gauss law (operator) defines physical sector
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Quantum Computation for Nuclear Physics
Lattice QCD Simulations

From Hamiltonian to Lagrangian

… to path integral

in Euclidean Spacetime: statistical mechanics problem
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Quantum Computation for Nuclear Physics
Lattice QCD Simulations

very expensive

do not work for various interesting problems (*)
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Quantum Computation: How to do it?
step 1: Digitization example fermions in 1d

Local Hilbert space ℋ = ⨂
n

ℋn
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Quantum Computation: How to do it?
step 2: come  up with an algorithm

How does state  evolve over time?|ψ⟩

example: real-time dynamics
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Quantum Computation: How to do it?
step 2: come  up with an algorithm

Decompose time evolution operator  into a  circuitU(t)

Details beyond this lecture.  
However, for one fermion/spin with Hamiltonian 

,  can you figure out a circuit? 
Hint: use the gates in “Quantum Computation and Quantum Information” 
Nielsen & Chuang

H = − σz
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Quantum Computation: How to do it?
Diving deeper. I will go a little faster now. Sit back and relax.

QED  Schwinger model:1+1

Lattice Theory
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Operator Formulation of Lattice Gauge Theory
Hilbert space,  gauge sector
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Operator Formulation of Lattice Gauge Theory
A state of the full theory

Most of Hilbert space unphysical, Gauss law

Hamiltonian commutes with Gauss law  
if initial state physical, it will stay physical

[H, Gn] = 0
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Operator Formulation of Lattice Gauge Theory

Take a look at https://quantum-journal.org/papers/q-2020-08-10-306/ 
to see actual circuits!

IBM
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Science Fiction?

semiconductor trapped ion quantum computer chip 
University of Maryland / Sandia National Lab



Quantum is picking up speed!
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National Quantum Initiative 
quantum.gov

https://www.bnl.gov/quantumcenter/

https://science.osti.gov/Initiatives/QIS/QIS-Centers

At Brookhaven:

http://quantum.gov


more shameless advertisement 
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where you find me! 
(“nuclear theory”)



Quantum is picking up speed!
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5 minutes of googling found all this 



Where are we now?
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Cats do not make good quantum computers

Single atoms / qubits are never alone. They are surrounded by billions 
of other atoms

Achieving “Quantum coherence” is hard.  

atom (actually an ion) we would like to control as  
“isolated quantum mechanical system”other stuff: walls,  

air molecules, 
also made of atoms  
 also like to talk to our 
“isolated” quantum mechanical 
system

Challenge today: separating and controlling qubits from noisy environment 
+ “quantum error correction” 
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Where are we now?
Today: multitude of different architectures. We don’t know yet 
which is the best.

© Zohreh Davoudi

60 billion transistors
 operations per sec109

compare to classical computers  
(after 80+ years of development)

1-50 qubits, very noisy, 
tens to hundreds of operations 
before thing breaks down 
(after ~10 years of serious development)

break even point 50-100 “good qubits”
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Where are we now?

> >
2021

This will change very soon.

1977
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The myriad possibilities of quantum
So basic idea then: use quantum mechanics to compute 
something else …in quantum mechanics …

many more applications in science and industry

“big data” “quantum communication” “quantum sensors” “quantum optimziation”

but also: quantum cryptography 

900 core years on a 2.1 GhZ 
Intel Xenon Gold 6130 CPU

quantum computer:  
piece of cake (Shor’s algorithm)

… or elsewhere: RSA encryption of emails
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