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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 is quantum computation?

e Classical Computers can efficiently e Unlike
simulate statistical processes,

but not quantum mechanical ones

— exponential resources!
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Today: A (nuclear) theorists perspective



What is quantum computation?

Digital (universal) Quantum Computers

—

source: lon-Q, C. Monroe




What is quantum computation?

Analog (hon-universal) Quantum Communication and Cryptography
Quantum Simulators

m .
source: Figuera group, BNL

Quantum Annealing

source: Rigetti



Current Status

Quantum Computers just learned to walk

HOW''S YOUR THE PROJECT EXISTS
QUANTUM COMPUTER IN A SIMULTANEOUS CAN I THATS
PROTOTYPE COMING STATE OF BEING BOTH OBSERVE A TRICKY
TOTALLY SUCCESSFUL LI QUESTION.
AND NOT EVEN
STARTED.

Noisy Intermediate-Scale
Quantum (NISQ) technology

Scott Adams/Dilbert

Impressive Progress in recent years!



Resources

e https://www.bnl.gov/science/quantum.php
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e https://www.bnl.gov/physics/NTG/

Nﬁﬁ%ﬂ%&& Nuclear Theory Group

e https://www.bnl.gov/compsci/quantum/
BROOKHRUEN  Computational Science Initiative

e Books, e.g. “Quantum Computation and Quantum Information”, Nielsen & Chuang

e Webpages of the big players, e.g. Department of Energy, Google, IBM, Ion-Q,
Microsoft, NIST, Rigett1 etc.

email me: nmueller@bnl.gov
visit: https://www.bnl.gov/physics/NTG/people/mueller.php



Outline of this lecture

1. Basics - Quantum 101
2. Quantum Computing (Nuclear) Physics

3. How to do it?

4. New ldeas
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Basics - Quantum 101

* Information can be encoded |001001110)

 Power of quantum:

L |
ﬁ(\001001110>+\110001111)) ﬁ'( | o > + | a.o>>

* Information processing  |001001110) — | 111101110}
via quantum circuit

10> Y
N> :D‘_«KI}IW
10> —[5]—

o x = 001001110, f(x)?

1
( 1101110010) + |000110001>)

1
—(\001001110>+\111001111)) >\/_
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Basics - Quantum 101

. 1
* Information can be [w) = (\()1) + | 1()))
2
is a resource in Quantum Information Science!

« Quantum Mechanics: Extract Information via

. answer from Quantum Computer: subtile issue
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Quantum Computation for Physics
Challenges

 Quantum-Many Body systems

0‘0
Fole = 15> = [p>@ D> @Ip> - Ip>

W20
¢ (Gold N=19%)
« Many degrees of freedom, exponentially large Hilbert space
A2
. P
iho,|y) = H|y) H=22m+2%j+2%jk+...
I ij ik

« Assuming |n) and |p) each had 2 states, Schroedinger equation for
Gold = matrix equation of size 2!’ ~ 10°°

(earth consists of ~ 10°° atoms, yet only 197 qubits enough to represent Hilbert space of Gold)
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Quantum Computation for Physics
Challenges

 Quantum Many-Body Theory —

o D(x) /s

, % N

 Example (Quantum) Electrodynamics

2 2
H = Jd3x { £ z(x) | B(zx) - l//T(x)yO(iy -V + m)l//(x)}

 Every x labels one qguantum mechanical degree of freedom.

Y “Heisenberg
W(x) field operator”
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e Quantum Field Theory—
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Quantum Computation for Physics
Challenges

e Quantum Field Theory—

” » » o
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o Lattice Quantum Field Theory ~ Quantum Many Body Theory
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 Gauge Theories (e.g. QED)
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Quantum Computation for Physics

Challenges
 Gauge Theories (e.g. QED) o Electtweek forl
: ) 0 &Inyu. fece
E B .
H= | d {02+ 22w - V4 mwo ) + Grvity
=l

o , not all dofs are physical! Wil bedspace

(S

 Gauss law (operator) defines physical sector

eiG(X) ‘ l/jphys> — ‘ thys> }X /)\
=~

G(x) = V, E(x) — J(x) ~ )é "/



How to compute something?
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Quantum Computation for Nuclear Physics

Lattice QCD simulations

 From Hamiltonian to Lagrangian — («
a -
T 1 % .7 (
‘CQCD — ¢z (Z(7MDu)ij — m%)% — ZGZ,,GQ‘ J:'o, ‘ ] | i
a a a » _rabc C @ - °
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Quantum Computation for Nuclear Physics

Lattice QCD simulations

 From Hamiltonian to Lagrangian T
P ! "
Lacp = P; (i(¥* Dy)ij — mbij) ¥ — %GZVGZW 3:90’ / : ’, i
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e ... to pathintegral Z= [dA e'ocol —— 4 3
A I\ (Sqcp = Jd xZLqcp = ag Z Zz
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Quantum Computation for Nuclear Physics

Lattice QCD simulations

 From Hamiltonian to Lagrangian T

a -

~

Lqcp = ¥; (i(¥" Dy)ij — mdij) j — EGZVGZV 3:90’ ! t’ . i
(G4, = 0,A% — 9,A% — igf®<APA?) WIgo-_ I\ O /i
\’—— -~ — — -

e ... to pathintegral Z= JdA e'ocol —— 4 3
9 iV mm I\ (Socp = Jd xZocp = ag Z Z

o T b n

4 |

A ¢ dA = [[dAx) - [ [dAm)

—o—0 @

* In Euclidean Spacetime: statistical mechanics problem
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Lattice QCD simulations

 Very expensive
Do not work for various interesting problems |
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Lattice QCD simulations

 Very expensive
Do not work for various interesting problems |
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Step 1: Digiti
: Digitization
° EXam

ble 1D: ferm

 farmiONS

Dl . h
H’ Ibert space. W d'ﬂ‘hiﬁu
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Step 1: Digitization * Example 1D: fermions
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Step 1: Digitization * Example 1D: fermions

d i Harhion
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How to do it?

Step 1: Digitization * Example 1D: fermions

s aned

n n+1

d i Harhion

H=—t20,,fcn+1+h.c.

n
+m Z (—1)"¢'c, + interactions

» Local Hilbert space # = Q, # ,

(occupied/unoccupied)
e qubit = 2 states
(11),10))

%fermions PN %qubits
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How to do it?
Step 2: Come up with an algorithm

« Example: Real-time dynamics

How does state |y) evolve over time?

S =14> w(n) = UD | w)
| / \ ‘\initial state
final state

time evolution operator
U(t) = e | y)
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Step 2: Come up with an algorithm

« Decompose U(t) into circuit

| 0>—| X 12 ,,(’0):(?0,)(5)»




How to do it?
Step 2: Come up with an algorithm

« Decompose U(t) into circuit

j0>—] X f— 11> }/(’o)s(?,j;_ ()"

« Figure out how to set up |y)

» and how to extract information about |y (7)) through measurement
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Operator formulation of Lattice Gauge Theory

Let s dive a bit deeper. I will go a little faster now.

E2
« QED,, ;: Schwinger-model H= de[jc + 'y iy D, + myys]

. ES
+ Lattice theory H=4q,) | P U =h.c)+m(=1) ",y |

En.Z’n =€
‘ \/ (etochric Reld =&
o ® Py 0 a&ﬂkwu }
@
\ L S
hink, X»-nds



Operator formulation of Lattice Gauge Theory



Operator formulation of Lattice Gauge Theory

 Hilbert space, gauge sector

Ule)=]|e +1)



Operator formulation of Lattice Gauge Theory

 Hilbert space, gauge sector
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Operator formulation of Lattice Gauge Theory

 Hilbert space, gauge sector 2 ) Md>.,mwd>

E le)=E,|e,) /

R o f(~ — &

Un en — en + 1 A :_— ¢::.4
| > ‘ > a R!’ Enlen>= Enlq> — e=0

Hslbet spouce : e- [—m, o |

 Truncation / Digitization

+ oo )
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Operator formulation of Lattice Gauge Theory

* Hilbert space, gauge sector 2 ) Md>.,mwd>

E le)=E,1e,) o __/ o
C.= o0
O le)=|e +1) \ )

 Truncation / Digitization « Map onto qubits

+ QO
: : t sledes

€n ' €n p— Cld d{f' , eD g)w‘é gM'b:' S

—— e™™ - : ' !|!o>

—_ I MeQP' GWH’@ , 1 101>

— ——————.m 8"&&3 |,ob'>
OQqrr—— 0 — OAM1 . |0t >

—— 6"“" }OO')

—_— - - 10007
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A state of the full theory

Joo8> Jooi> hn>
/ / e )y >= 1101000017 00101011111 P

—
’_

—{ —-& (24 q,ubi"s)
(’ 1107 Ji0r2
[101



Operator formulation of Lattice Gauge Theory

A state of the full theory
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Operator formulation of Lattice Gauge Theory

A state of the full theory

[006> Joor> hn>
/ / / ’—4>=l 1010000110p 001010} Ill>
"o _E . A\ (24 gubils)
T 1107 101>
[101
* Most of Hilbert space is unphysical, Gauss law (%)
Gn:En_En—l_e[w;ern (_1)2_ 1]

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

« Hamiltonian commutes with Gauss law lw(®)) = U@ |yw) = e | y)
|H, G,] =0 Ifinitial state is physical, it will stay physical
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o [y(n) = UM |y) = e~ |y) 42 —- I%tt) 2

* U(D) = HU(éo i g} ﬁ
iﬁ _

e o o




Operator formulation of Lattice Gauge Theory

o [y(n) = UM |y) = e~ |y) 42 —- I%tt) 2

Trapped ions:
Martinez et al, Nature 534 (2016) 516

@ @ Physics world breakthrough of the year
\y Martinez, Muschik, Schindler, Nigg, Erhard, Heyl|,
*y Hauke, Dalmonte, Monz, Zoller, Blatt, Nature 2016

 Take a look at e.g. https://arxiv.org/pdf/2002.11146.pdf
to see



https://arxiv.org/pdf/2002.11146.pdf
https://arxiv.org/pdf/2002.11146.pdf

Operator formulation of Lattice Gauge Theory
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circuits from https://arxiv.org/pdf/2002.11146.pdf



https://arxiv.org/pdf/2002.11146.pdf
https://arxiv.org/pdf/2002.11146.pdf

New lIdeas o
Quantum Computation for the Electron lon Collider

7
e -
qnnnnnnnnm I YI !
SCIENCE POLICY NEWS FROM AIP | /
. . _ . / /'
Brookhaven Picked as Site for Electron-lon Collider 0: , ’ (/ W y
o aosh
SHARE THIS f Yy 8" = @ /
..................................................................................................................................................................................................................................................................... 0~ l 9 (
S~
Publication date: 17 January 2020 Number: 5 ? \s" =T *7\
The Department of Energy has selected 1 - -
partment of Energy o  Measured are “real-time correlation
Brookhaven National Laboratory as the site for its
proposed Electron-Ion Collider, a flagship nuclear fu nCtl on S’, < P ‘ J ( x) J (O) ‘ P >
. . o U v
science facility that is estimated to cost between

$1.6 billion and $2.6 billion.

« What is the structure of the proton,
what is |P)?



New lIdeas o
Quantum Computation for the Electron lon Collider

7
e -
qnnnnnnnnm I YI !
SCIENCE POLICY NEWS FROM AIP | /
. . _ . / /'
Brookhaven Picked as Site for Electron-lon Collider 0: , ’ (/ W y
o aosh
SHARE THIS f Yy 8" = @ /
..................................................................................................................................................................................................................................................................... 0~ l 9 (
S~
Publication date: 17 January 2020 Number: 5 ? \s" =T *7\
The Department of Energy has selected 1 - -
partment of Energy o  Measured are “real-time correlation
Brookhaven National Laboratory as the site for its
proposed Electron-Ion Collider, a flagship nuclear fu nCtl on S’, < P ‘ J ( x) J (O) ‘ P >
. . o U v
science facility that is estimated to cost between

$1.6 billion and $2.6 billion.

« What is the structure of the proton,
what is |P)?



Summary

Very exciting times ahead! -

Physics Stony

Brook
University

Stony

Brook
Startup

Incubator

Brookhaven
National Labs
Stony
Brook
University Instrumentation
Division

source: Google nforsation

Technology

source: lon-Q, C. Monroe

‘source: APS

Enjoy thinking differently about problem?



Your turn!

Any questions?

| will hang around on Bluejeans after this lecture
and we can discuss on virtual whiteboard

(or email me: nmueller@bnl.gov)



PS: Bye, bye BNL
and thanks for all the fun!

(this was my last talk as a BNL’er here)
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Backup: Elementary Circuits / Gates

Operator Gate(s) Matrix IBM Quantum Experience

Pauli-X (X) X[ —D- [(1) (1)] Nl File  Edit  Inspect  View  Help

Pauli-Y (Y) Y Fr] ™ Circuits / Untitled circuit so

Pauli-Z (2) +z}- b S EEAHHAAE I EXERE o

oot 0 [ L A noonEEoEmEmmE -
V2 |1 -1
— S - 1 0 ® >
P sn s ;S CHE BB
*
q
7/8 (T) —TH o o] N B i
{2
1 0 0 0 B
Controlled Not 0 1 0 0
(CNOT, CX) SO c3 ’
0 0 0 .
Controlled Z (CZ) T l() 1 0 ()] Measurement Probabilities v @ . Q-sphere v @
‘ 0 0 1 0
14 0 0 0 -1 n
1 0 0 0 H
SWAP X T !0 0 1 0] 2 000
0O 1 0 O k) ] 010y "
—_ 0 / .\
0 0 0 1 J —_
T A
S
"1 0 0 0 0 0 0 07 . e
. = 001
Toffoli 6 0 1 0 0 0 0 0 2 w2 \,
(CCNOT, oo a0 g S Y
CCX. TOFF o 0o 0 0O 0O 1 0 o0 m ase b _
’ ) o 0 6 0o o o 1 o 0 10 20 30 40 50 60 70 80 90 100 s State [J Phase angle

Measurement probability (%)

source: wikipedia source: IBM Q Experience
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Backup: What is a path integral?

» Path integral for single particle

cossicolty: X, o) o>
qaml !m%‘ 1 X(® > ’ﬁlb)> o ~——— .
* Path integral for many body theory: P Heisenberg Field Operator

PR ) P

o [
L J
([ PS ¢

o iy each ¢'00 canes a boecl Hy/bert pace

600 18,> =) k> x- B %,

; RS sinenvalue o7 X

T > = TKF 7?/?) . =W[/¢x>}
= spon ] IT>$



Backup: What is a path integral?

not so ecructal
o understand now!



Backup: What is a path integral?

 Path Integral = Representation of guantum mechanical amplitude

- ~iH -t
le " B> = <dle Afd7715><7flfd¢l¢>¢| 4 oy >
—~iHA
= T AT, de, <@ele ™" 1> <ok, >/ - k>

<

8

fer(eT—H) €
= chbDW &
¢S Wy i obdeel
Lot anegfe v
- (Do BT € ﬁa’%;/‘“”’ gl

ok so crucial
o understand now!
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