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What is Quantum Computation?

Richard Feynman (1981)
“Simulating Physics with Computers™

“Nature isn 't classical

... and if you want to make a simulation of Nature,
you'd better make it quantum mechanical,
and by golly it’s a wonderful problem,
because it doesn t look so easy.”

“...What I hoped to do was to design a computer
in which I knew how every part worked with everything
specified down to the atomic level. In other words I wanted
to write down a Hamiltonian for a system that could
make a calculation. “




What actually is guantum computation®

Question/Input

pohysical model

e.g the fundamental

laws of chemistry,

or Quantum Chromodynamics

(“Quantum Many Body Systems”)

e Classical Computers can efficiently
simulate statistical processes,
but not quantum mechanical ones
— exponential resources!
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understand how complex molecules,
poroteins etc. form from fundamental
laws of nature;

understand how QCD thermalizes
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What actually is guantum computation®

Example: Carbon fixation How Quantum Computing Could
Remake Chemistry
% .-l n d Syn _t h e _t | C Ca ’[a|ys _tS _th a _t : ran S fO rm C 02 It will bring molecular modeling to a new level of accuracy, reducing researchers’ reliance on

iInto chemicals of higher value

CO, Carbon Dioxide

® | engthy trial and error lab experiments,
thousands of molecular combinations

Ruthenium Complex
Methanol CH,0OH * H

2
PPhoR Hydrogen

: : : RPh,HPy,. | \H,
® (classical) computer simulations: R

Hydrogen H, RthP' |u vy

resources “exponentially” with the complexity of e
the problem

Water H,0 H, Hydrogen

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

disclaimer: | am not a chemist! 4




BasICS: classical vs. guantum

“bits” can be either 1 or O
ol & o
2"|"2+2=11 V>VO—>1
Vo

Classical

» \Wwhat this actually means in a computer:
electric current in “wires’” and circuits

V<Vy—0

Input, =1

Inputz =0
Output = 0 (no light)

10 from 0 to 1 per sec
60 billion transistors

~5NM (=5 - 10~°m)



BasICS: classical vs. guantum

* \What happens at J - 107! m (“Bohr radius” ~ size of atoms) 7

® At this scale, the laws of guantum mechanics become important

® Atoms also have discrete “states’, just like bits!

Richard Feynman 1981
“‘“Nature isn't classical, dammit, and if

| Wha't |f WE COU‘d hameSS the |aWS Qf you want to make a simulation of nature,
: : you'd better make it quantum mechanical...”
guantum mechanics to make a computation?



BasICS: classical vs. guantum

x \What is so different about guantum bits (qubits)?

» Of course ... you all waited for it ... Schroedinger’s cat! (*) &

®x  Quantum mechical superposition: can be iIn multiple states simultaneously

0

guantum mechanically,
any point on the sphere
s allowed, e.g.

classically, the north and
south pole are allowed states

(") no cats were harmed during the making of this presentation 7



e Qubit = spin 1/2 il +3f

[7> -|o>=(5)

« Many qubits, big Hilbertspace ' =X Q # ... @ #

(a10) +by| 1)) ® (a110) + by | 1)) = aga, |00) + agb, |01) + bga; | 10) + beby | 11)




Basics: Quantum 101

* Information can be encoded 1001001110)

2 =

 Power of quantum: superposition of information

%(|001001110)+|110001111>) (LI( | Y > + | ,ﬁ,a>>

* Information processing  |001001110) — |111101110)
via quantum circuit
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e Quantum parallelism x = 001001110, f(x)?

L( 1001001110) + | 111001111)) R L( | £(101110010)) + |f(000110001)))
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Basics: Quantum 101

e Quantum Mechanics: Extract Information via Measurement

e Extracting answer from Quantum Computer: subtile issue

: 1
 Information can be entangled ly) = 7( |01) + | 10))
2

Entanglement is a resource in Quantum Information Science!
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BasICS: classical vs. guantum

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 = 2290 ~ 1099 coefficients,
_ earth consists of ~ 10°Y atoms. Not
VWhat about the states of a QO|C| ion? enough atoms to build (classical) RAM memory

Yet If you could use 200 qubits, you could do
the computation

11



Quantum Computation for Physics

® \What can we learn about the tunaamental: ferces of
nature, such as the theory of the strong interactions
that binds together protons; netitrons ana: nuUciel?

mass of the proton &

(after ~45 years of development

only cost us a lot of $%)

made by Ohan Shen
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Quantum Computation for Physics

® Quantum Many-Body Theory —

x Example: (Quantum) Electrodynamics

2 2
H= [d3x { Ez(x) + ? + w0y Gy - V + m)w(x)}

® Every x lables on quantum mechanical degree of freedom

w(x)

13



Quantum Computation for Physics

® Quantum Field Theory —

® | attice Quantum Field Theory ~ Quantum Many Body Theory

14



Quantum Computation for Physics

Challenges

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

2 2
5 = Jd3x { Ez(x) + @ +y )y Gy - V + m)t//(x)}

2

®x Redundancy, not all dofs are physical

®x (Gauss law (operator) defines physical sector

eiG(x) | thys> — | thys>

G(x) = V,E(x) — J(x)
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Quantum Computation for Nuclear Physics
L attice QCD Simulations

®x From Hamiltonian to Lagrangian

rl . L ~ 1 LV
Locp = ¥; (1(Y"*Dy)ij — m i) ¢; — ZG}L/GZ'

(G5, = 90,AL — 0, A% — igf*ALA])

x ... to path integral Z=JdAeiSocD[A]

® N Euclidean Spacetime: statistical mechanics problem

7= [ane-so
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Quantum Computation for Nuclear Physms
| attice QCD Simulations

® \/ery expensive

x do not work for various interesting problems (%)

...’
™

Nope eucl;dean &pc«ca. e
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Quantum Computation:
step 1: Digitization

How to do It7?

® cxample fermions in 10

n
+m Y’ (—1)"c]c, + interactions

. Local Hilbert space Z = ® 7,
n

(occupied/unoccupied)

* qubit = 2 states

(11,109

18



Quantum Computation: How to do it?

step 2: come up with an algorithm

® cxample: real-time dynamics

bedy = 14>

(]
ez

* How does state |y) evolve over time?

lw(®)) = U |y)
\ Initial state

final state

time evolution operator
U(t) = e | y)

19



Quantum Computation: How to do it?

step 2: come up with an algorithm
* Decompose time evolution operator U(t) into a circuit

= 1> ()=()6)"

® Detalls beyond this lecture.
However, for one fermion/spin with Hamiltonian
H = — 0¢, can you figure out a circuit?
Hint: use the gates in “Quantum Computation and Quantum Information”
Nielsen & Chuang

20



Quantum Computation: How to do it?

Diving deeper. | will go a little faster now. Sit back and relax.

21



Operator Formulation of Lattice Gauge Theory

® Hilbert space, gauge sector ) eledes | ccapied >, lunesgied 2

 Truncation / Digitization

+ oo

« Map onto qubits

bit sledes
gfl n >

j11o >
11015
|1007>
|0t >
l010>
100172

€n ,__—— cut off

S —

—  Keep GWM‘(}
0 = maw\‘ sk«ks

———

.
—_—

f
-_——
—m—mm
——l
—_
—_—
—
’

22



Operator Formulation of Lattice Gauge Theory

® A state of the full theory

hin>
|y>= 10100001/ 00101011111 D

(can see this because in 1+1d can integrate out Gauss law to
remove gauge fields, can be represented with

* Hamiltonian commutes with Gauss law [H, G| = 0
if initial state physical, it will stay physical

lw (D)) = U@) |w) = e | y)
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Operator Formulation of Lattice Gauge Theory

Qp®) = UQ Iy = ey FD _.. 98>

* U®t) = HU(&) i {E} ﬁ

Tapped IoNs:
Martinez et al, Nature 534 (2016) 516

®x [ake a ook at https://guantum-journal.org/papers/q-2020-08-10-306/
to see actual circuits!



Sclence Ficticm?

smiconductor trapped ion quantum computer chip

ersity of Maryland / SandiaJ\atiopal
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Quantum is picking up speed!

{ (quantum|gov)

National Quantum Initiative
quantum.gov

NATIONAL QUAN

THE FEDERAL SOURCE AND GATE‘VAY UANTL
=y

-

Office of

Science

G‘ Brookhaven

National Laboratory

At Brooknhaven:
’
https://www.bnl.gov/quantumcenter/ - C 2 Q A

Co-design Center for

https://science.osti.gov/Initiatives/QIS/QIS-Centers Y e smanis
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http://quantum.gov
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From Innovation to Inauguration
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Entrepreneurship Awards

LW COMPUTER SCIENCE
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Quantum is picking up speed!

5 minutes of googling found all this

: L = ' -
‘== Microsoft’

i Quantum Computer
% 'é e '

Furapean guattum comeuting stack

Raytheon ). = AT&T — e
SK’(T-t com Sl M

— NOKIA Bell Labe - | @

Kiutra m
LOCKHNEED MAR‘TIN " = [ | '
f ! {ii OuTach nomi CQc -

Go gleintel @ | hko

= -

TNO .. IGINICS
- | omec ' ni ...
- Microsoft Honeywell LN Pl
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Where are we now?

®x Cats do not make good guantum computers

® Single atoms / qubits are never a\one They are surrounded by billions

of other atoms

other stuft;

also made of atoms

also like to talk to our
“Isolated” quantum mechanical

system

® Achieving “Quantum coherence’ is hard.

®x Challenge today: separating and controlling qubits from noisy environment
+ “quantum error correction”

29



Where are we now??

Today: multitude of different architectures. We don’'t know yet
which is the best.

x 1-50 C]UbitS very noisy,

tens to ¢

Undreds of operations

before thi

ng breaks down

(after ~10 years of serious development)

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

10° operations per sec

60 billion transistors

30



Where are we now??

1This will change very soon.

31



1he myriad possipllities of guantum

® SO basic idea then: use guantum mechanics to compute
something else ...In quantum mechanics ...

® .. Or elsewhere: RSA encryption of emails

RSA-240 = 1246203667817187840658350446081065904348203746516788057548187888832896668011
8821085503603957027250874750986476843845862105486553797025393057189121768431 900 COre years On a 2'1 GhZ

8286362846948405301614416430468066875699415246993185704183030512549594371372
159029236099 Intel Xenon Gold 6130 CPU

RSA-240 = 5094359522858399145550510235808437141326483820241114731866602965218212064697 .
46700620316443478873837606252372049619334517 q U aﬂt U m CO m p Ute r .

x 2446242088383181505678131390240028966538020925789314014520412213365584770951

78155258218897735030590669041302045908071447 piece Of Cake (Shor’s algorithm)

® put also: guantum cryptography

® many more applications in science and industry

“big data” “quam%um communicabtion” “quamﬁum sensors” “quav\%um oy&mdaﬁag”












