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Interference of light

interference fringes

S ANN

Young’s double slit experiment shows interfering paths:
Light is a wave, and has a phase

But: no individual photons

Light source

Further reading:
A. Murray, Double slits with single atoms, Physics Today, 2020


https://physicsworld.com/a/double-slits-with-single-atoms/
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Interference of matter
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J
‘ mmgesr Interfering paths:
NA Straterseugungssystom , Electron beam is a wave and has a phase
——|—— Beleuchiungsblende .
| : 7 But: no individual electrons

% g mayn. Linse P
o Q=72 Sie stimmt mit der fiir die y-Wellen iiberein, womit hier fiir die y-Wellen
f der Anschlul} an die bekannten Formeln und Ergebnisse der Lichtoptik
o Belichtungsklonpe gewonnen ist. Da in der Lichtoptik die Intensititsverteilung der Inter-
| - Begrenzungsspalt I ﬂ F ferenzerscheinungen durch AA* wiedergegeben wird, beschreibt ins-
Ly I — Kondensator besondere auch hier die Norm py* die Intensitiatsverteilung bei Elek-
== ylinderiinse o =t troneninterferenzen.
i Plotte
Fig. 2. Schema der Anlage zum
Drucken von Polymerisatstreifen

mit einer Elektronensonde

Joensson, Zeitschrift fuer Physik 161, 454--474 (1961)
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Interference of matter

I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

X X

3
u u Plz

l2 =|¢2 P|2'|¢|*¢zlz
(a) (b) (c)

WALL BACKSTOP

Then they decreased the power...

Bach et al 2013 New J. Phys. 15 033018 (2013)
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Interference of single particles of matter
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single electron every 1.2 sec, 2 hour timelapse
Bach et al 2013 New J. Phys. 15 033018 (2013)
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Aharonov-Bohm oscillations
Electron interference in a solid state system

(a) 10 x @
0.05%

A
Y

3 —
2 -
(b) h
L B
w
Mesoscopic physics: 00 foo
Microscopic effects govern the behavior of macroscopic objects ——— h
2e

Webb et al., Phys. Rev. Lett. 54, 2696 (1985)
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Self-interference

(a) 10 x @
0.05Q

! Light & matter display

A
Y

self - interference

superposition phase > wave

0 100
1/AH [ 1/T ]

Electrons in vacuum Electrons in the solid state



Generation of correlated photons
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« Calcium decay: two correlated photons Polarizer-dependent time coincidence

* Measure simultaneous arrival with polarized detectors

First demonstration of entangled photon generation:
Kocher & Commins, Phys. Rev. Lett. 18, 575 (1967)
Review: Nordén, Chemical Physics 507, 28 (2018)



Demonstrating entanglement

R(¢), the coincidence rate for two-
photon detection, as a function of the angle ¢ be-
tween the planes of linear polarization defined by
the orientation of the inserted polarizers; R,, the
coincidence rate with polarizer 2 removed; R,,
the coincidence rate with polarizer 1 removed®;
R,, the coincidence rate with both polarizers re-

moved. Quantum mechanics predicts that R(¢)
and R, are related as follows® °:

R(9)/Ry=%4(€,! +€,')€,2 +€,2) +4(€,' = €,})

X (€,2 = €,2)F,(6) cos2¢, (1a)
while
R,/R,=%(¢e,' +¢€,Y), (1b)
and
R,/R, =5 (€}’ +€,2). {ie)

LINEAR
POLARIZER "
-1 Wl
PM #1
\ :
N

551 nmi-
FILTER L
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Freedman & Clauser, Phys. Rev. Lett. 28, 938 (1972)
Clauser, Horne, Shimony, Holt, Phys. Rev. Lett., 23, 880 (1969)
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Demonstrating entanglement

= = Classical : 1/8(cos 20 + 2)
—QM : 1/4(c0s 26 + 1)

R(?)/Ro

OF - g g g g -t

0 : : : =
0 /8 /4 37/8 /2 O 225 45 673 90
Angle between polarizers 6 ANGLE ¢ IN DEGREES
Observation can tell apart classical from quantum Demonstrating quantum entanglement

Freedman & Clauser, Phys. Rev. Lett. 28, 938 (1972)
Clauser; Horne; Shimony, Holt, Phys. Rev. Lett., 23, 880 (1969)



Quantum computing
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Exponential possibilities

Grains of rice:

264-1
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Exponential possibilities

Cloud storage space:

~260




Exponential possibilities

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.

Fluctuation

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

Atoms in the universe:

2260 2270
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Quantum bit: spin in magnetic field

4 ‘ Low energy
B ? High energy

Bloch J2>
sphere Z

I -
1 ~

~
I ~ N
1 N y
1
1

\

>

10)+1[2)

Larmor
frequency:

/ w= upB/h

Y =c0s£|0)+sin £e'’e =" 1)

J

O-z rotating frame
with B, =0

Quantum state - vector on sphere

Quantum operations — rotations

)
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Quantum data

B 6 16456 656
845 4645 15 45 55 66
B85 846 4645 €6 46
K 46 I 1 95 16 545
BE BB 66 65
BI85 56 5
B8 855 1665 €685
B4 1696 1696 4656

|0)+]1) (10)+]1))*= 264 (1.8+1019) states
|00)+]01)+[10)+[11) more than cloud
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Quantum measurement

HOW'’S YOUR
QUANTUM COMPUTER
PROTOTYPE COMING

ALONG?

THE PROJECT EXISTS
IN A STMULTANEOUS
STATE OF BEING BOTH
TOTALLY SUCCESSFUL
AND NOT EVEN
STARTED.

CAN I THAT'S
OBSERVE A TRICKY
1Te QUESTION.

j GREAT!
i -

Dilbert.com DilbertCartoonist@gmail.com

4-17-12 ©2012 Scott Adams, Inc./Ost. by Universal Uclick

« Measurement returns a classical “answer”
A good algorithm uses the quantum space
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Supercomputer usage

b5

Malenal Science | 266
Fusion rergy | 212 [

Chemistry | 160
Lattice QCD

Climate
Geosciences
Astrophysics

Life Sciences 35 % of supercomputer usage:

Combustion materials & quantum chemistry

Accelerator Physics
Mathematics

Nuclear Physics
Computer Science
High Energy Physics
Environmental Science
Engineering

Nuclear Energy

Other

National Energy Research
Scientific Computing Center
annual report (2013)
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Chemistry: Nitrogen fixation

Mankind
Haber-Bosch process:
N, + 3H, — 2NH,, 500 °C, 20 MPa

* 50% of N in your body
« Consumes 2% of world energy

Nature
Nitrogenase:
N, + 3H, — 2NH;, 20 °C, 0.1 MPa

e Fe protein

FeMoco

P cluster ¢ X
Fe,S,cluster ©-

Feprotein Sl 7

MoFe cofactor
* Breaks N, triple bond
e Simulation: 111 qubits

M. Reihera et al., PNAS 2017
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Chemistry: Carbon fixation

Mankind
Carbon capture

« Total carbon capture: 9000 tonnes / year
* Total CO,, emissions (2020): 34 billion tonnes

-
‘.m\.,-'.' Rinebaee 1.5 naghosptate
} ) .

Nature
RuBisCO
(Photosynthesis)

Contenl Metabole Polbmeyy
Corteon Dunee

-

" RuBisCo

_ Paase . > o -
! ! S ATP

N /7N

Iztaaphogipoer s

» Mg: binds CO, to amino acid

* Most abundant enzyme

« Carbon capture: 750 billion tonnes / year
* (Net capture: 19 billion tonnes / year)
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(LSCO)

Critical temperature T [K]
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Commodities, Food & Agrl | Energy | Sustainability

Can sodium-ion batteries replace lithium-ion

ones?

Materials

Formation E. (meV) ®

Underbody battery

THINK econamic and financial analysis

Voltage (V)

Ewa Manthey

Commoditk
Strategist

Sweden's Northvolt has developed an energy storage technology that has no lithium,

cobalt, graphite or nickel. This could help to minimise green energy transition

dependence on China
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x in Na MnO,

Competing phases in battery materials

Urban et al., npj comp. mat. 2016



GHZ state generaﬂon Repeﬂtlon Code
Cycle 1 Cycle 2

detection events: error correction :
in postprocessing
—_—

N
{
< ~—1
\\';_f\
N

Optimization

Applications

U

Ny

Validation

FeMoco

0100...001
0101...111
1101...101
1001...001
0101...111
1111...001
1000...110

Encryption
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Quantum objects

10712 101! 1010 10 108 1077 10 10 104 103 102 101 1m

Electron Neutron star

Superconducting

Planck length Black hole
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Quantum objects

10712 101! 1010 10 108 1077 10 10 104 103 102 101 1m

The Quantum Physics of Neutron Stars

Cole Meldorf

March 18, 2021

Black holes as mirrors:
quantum information in random subsystems

Patrick Hayden N eu t ron Sta r

School of Computer Science, McGill University, Montreal, Quebec, H3A 2A7, Canada

John Preskill
Institute for Quantum Information, California Institute of Technology, Pasadena CA 91125, USA

Black hole
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Quantum objects

10712 101! 1010 10 108 1077 10 10 104 103 102 101 1m

Superconducting
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Superconductivity as you know it

‘-N.

Frog @ 16T

Magnetic
Levitation




Low-Pass
Filter

V Current

T Bias

’

First superconducting quantum systems

Superconductors

Insulator

FIG. 2. Potential well from which particle escapes.

IOOO_ T Y ML | T T LR S R 21 )

T

T

e "Quontum Junction”

% I, =9.489 uA
% 100 —
L & :
- "¢‘ jx
MQT x| bt ; : ]
~ o Classical Junction
. Io> 1383 A 4
|0 =3 t U N1 Al L 1 'O e N |
10 100 1000
T(mK)

Macroscopic Quantum Tunneling

In¥
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(a)

| 1 | |

N/ 2n (GH2)

Resonant driving

Martinis, Devoret, Clarke, PRB 1987

Devoret, Esteve, Martinis, Cleland, Clarke, PRB 1987
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Superconducting quantum bit

Al metal (light)

Si substrate (dark) (tunable inductor)

Barends, et al., Phys. Rev. Lett. 111, 080502 (2013)
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Circuit as artificial atom

Qubit
I' potential PR

= ok

Hydrogen atom Superconducting quantum circuit

Quantum state controlled by voltages & currents
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Large circuits




Article

Google claims 'quantum supremacy’
for computer

Quantum supremacy using a programmable
superconducting processor

1 Quanta bzin Physics  Mothemotica Diology  Computer Sdonce  Topiks

Quantum Supremacy Is Coming: lere's

What You Should Know

EQCwSQ

Google claims it has achieved 'quantum
supremacy' - but IBM disagrees

Task that would take most powerful supercomputer 10,000 years
‘completed by quantum machine in minutes’

. Ivanka Trump @ @lvankaTrump - 7h
It's officiall € The US has achieved quantum supremacy!

In a collaboration between the Trump Admin, @Geogle and UC Santa Barbara,
quantum computer Sycamore has completed a calculation in 3 min 20 sec that
would take about 10,000 years for a classical comp.

NEWS J tober

Hello quantum world! Google
publishes landmark quantum
supremacy claim

be practically impossible for a classical machine.

The company says that its quantum computer is the first to perform a calculation thar would

—

Q 571 1k O ax

Arute et al., Nature 2019
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Coherent source

Medium with scatterers

Randomized pathway

Speckle patterns
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Random circuit

Random quantum circuits

- Random circuit (U)

- Test ~10° runs, bitstrings x; with probility p.

- Classical, random guess: p, ~ 1/2N

- QM: measure p, not uniform h
- Fidelity: F = 2N <p(x)> - 1
- F=0: incoherent

- F=1: coherent ‘ Two-qubit gate

-

—L_— Single qubit gate (randomized)

Boixo et al., Nat. Phys. 2018
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Random circuit

10 9
qubit speckle — one random noise gate avg.
. . 81| == ideal circuit
(5]
= o
N L L] * >><\ 6 [~
X 67° y ces® . . x
}\ L . . L] ™ . - . Q 5L
'I': L] -' L] & -'- o " : .I b
p— » & .-.“ ., *% « o ” — 4
_Q 4_ L] h' * !;.' o ' * ! bl .-n"" ":‘ .." -.. :'- [ ] Q
II. . & o TP _-.",,. ™ . 27O . 5- -, o
E S.n4 o T ANty 't.""-."- e ™ Q 3
o ) . '= —
E 2 : o 9l
: i
4° ¥ ik
0 e

Bitstring (]000...00)-|111...11)) 0 N _1
Bitstring (least to most probable)

Explore enough Hilbert space:
Porter-Thomas distribution



a 5 Classically verifiable b Supremacy regime
10%f
L 14X 2]
(A X2 X/
0000
(A X4 X4
99069 E F GHE F GH
Sycamore sampling (N, = 1M): 200 seconds
10} ;
o £ [ 2 hours Classical sampling @ Feycamore
E-: :
& 2 weeks
_.§‘ Classical verification F 1 week
[ 1 4 years
6" 4 years
(e 5 hours 100 years
ffa 600 years
> 10 millennia
102} m = 14 cycles
: — Prediction from gate and measurement errors
- OFull circuit X Elided circuit ~ =}=Patch circuit
; | n = 53 qubits
] . | — Prediction
i \ Z Elided (+50 error bars)
| - Patch
0 10 15 20 25 30 35 40 45 50 55 12 14 16 18 20

number of qubits, n

number of cycles, m
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number of qubits, n

number of cycles, m

a 5 Classically verifiable b Supremacy regime
10%p :
XA X1] ‘24 X1
0000 ® & ¢
, 20000 ®0%00
. < o000 ®%000
S - 09069 £ F GHE F GH ®09069% A B CDCDAGEB
N = Sycamore sampling (N, = 1M): 200 seconds
10} i
Q E . hour lassical sampling @ Fsycamore
N . .
% * Beyond-classical computing
D * Sampling from a probability distribution ears
© .
i e Validates gate error model 100 years
W  Additional validation of Schroedinger equation, with > 2°9 Hilbert space [AEE 10 millennia
102} M = 14 cycles : ! —
g — Prediction from gate and measurement errors 1 > '
O Full circuit X Elided circuit  =}=Patch circuit
’ " n =53 qubits
] | — Prediction
: : Z Elided (50 error bars) |
k : - Patch
3 1 i 1 L i = i i — ] i H i
10 10 15 20 25 30 35 40 45 50 55 12 14 16 18 20
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Interdisciplinary system engineering

Quantum Solid state

information physics

Experimental quantum computing
with superconducting qubits

High-frequency

Cryogenics

systems

Experimental quantum computing happens at the crossroads of disciplines



EQCwSQ
Barends

Suggested literature for reference

Quantum information High-frequency systems

Tinkham, Introduction to superconductivity, 1996

Ashcroft & Mermin, Solid State Physics, 1976

Ketterson & Song, Superconductivity, Cambridge University Press, 1999

Enss & Hunklinger, Low Temperature Physics, Springer, 2005

Lounasmaa, Experimental Principles and Methods Below 1 K, Academic Press, 1976

Cyrot & Pavuna, Introduction to Superconductivity and High-Tc Materials, World Scientific, 1992

Pozar, Microwave engineering, Wiley & Sons, 2012

Collins, Foundations for Microwave Engineering, McGraw Hill, 1992

Martinis & Osborne, Superconducting Qubits and the Physics of Josephson Junctions, arXiv:cond-mat/0402415

Wendin, Quantum information processing with superconducting circuits: a review, Rep. Prog. Phys. 80, 106001 (2017)

Devoret, Wallraff & Martinis, Superconducting Qubits: A Short Review, arXivi:cond-mat/0411174

Don’t try to read all this now. For reference.
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Grading & homework

* Grading
— Oral exam
— entrance: presentation + mandatory coding homework
— exam can cover any discussed topic, higher chance on blue topics

* Presentations
— Mandatory
— Relevant papers to the topic
— Not graded

* Homework
— Math — Optional, Discussed in-class next session
— Python coding — Mandatory
— Figure produced, tests need to pass
— Can work together!
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Grading & homework

How many lines of code?

* You take your phone

* Snap a pic

* Upload to whatsapp/twitter etc

Needed:

 OS, camera driver, image processing, comm.
O Web browser

— Python cdding —.I\/Iandatory



Linux kernel 2.6:0

Google Chrome

lates
IRLest

World of WarCraft

FEIVer O

Boeing 787

Windows NT 3.5

1993

Firefox

latest version

EQCwSQ
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Code

How many lines of code?

* You take your phone

* Snap a pic

* Upload to whatsapp/twitter etc

Chevy Volt

Intuit Quickbooks

counting software

Windows NT 4.0

1998

Android

e operating system

il

Needed:
O OS, camera driver, image processing, comm.
O Web browser

~20 million lines of code

https://www.visualcapitalist.com/millions-lines-of-code/
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Code

bacteria

, How many lines of code?
F22 fighter

game engine



bacteria

F22 fighter

game engine

Code

million

EQCwSQ
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zlainl)illio‘n_ I}'nes of codg

pages of printed tex

yaterm

CryEngine 2
Bacteria

Age of Empires online

CESM Climate Model

F-22 Raptor fighter jet

Linux Kernel 2.2.0

Jurassic Park codebase
urce: Dennis Nedr

Hubble Space Telescope

Unreal engine 3

Video game systam

<€

~1-2 million lines of code

https://www.visualcapitalist.com/millions-lines-of-code/
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Code

A big physics experiment: Large hadron collider
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Code

Windows 7

2009

128%

Windows XP

2001

e R -

Windows Vista

2007

Microsoft Visual Studio 2012

Facebook
(including backend code)
Science at scale:
Running a large physics experiment requires as much code as modern computer OS and internet company systems

Even for individuals, coding is a key element of modern physics
* Simulation

* Data processing

* Hardware-interface programming

https://www.visualcapitalist.com/millions-lines-of-code/
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Coding skills

Object-oriented
(class methods)

Version control Code review

Scalable code

Style guide,
Docstring,
type checking

Collaborative
coding

Exposure: Code tests
Contribute to open-source projects (example: QuTiP)

Full list on:
https://qosf.org/project_list/
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Whiteboard use

Two coupled two-level systems: Energy picture

0:.1 0:2
H=- ) Wi — ) W2 + 00;20, 1
g 0 0 q
H = Lin g ¢ — blackboard
() g Wy () |
g0 0 w+uws

Apply rotation matrix

Hp = RHR' + ihRR*

R= Z f‘”"‘”""rll; >< k|

Two coupled two-level systems: Energy picture

0.1 0:2
o = S )

Wy + T, 00, 1

) 9

000 g
B 0 g wa 0

g 0 0 wy+uw

Apply rotation matrix

Hp = RHR' + ihRR'

R=Y e"k><k

“blackboard” slide

Next slide shows final answer
(sometimes with derivation)



EQCwSQ
Barends

Lecture overview

Intro 0411

Superconductivity and Josephson junctions 0418 Y

Qubits, measurement, and coherent & incoherent driving 0425 Y

From qubit design to quantum data 0502

(special guests: Yebin Liu & Asier Galicia)

Quantum phase coherence (code HW1 due) 0516 Y
Coupling in quantum systems 0606 Y High-frequency systems
Quantum gate design & benchmarking (code HW2 due) 0613 Y

Physics of coherence (short) + Paper presentations 0620 Y* .

Paper presentations 0627

System engineering: building for scale (short) & Lab visit 0704

(code HW3 due)

Cryogenic engineering 0711

special guest: Pavel Bushev

(sp & _ : ) *Can’t be done w/o
Implementing algorithms 0718 . | in-class lecture notes




