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Quantum mechanics

and computing
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“There’s Plenty of Room
at the Bottom” (1959)

Richard Feynman

“When we get to the very, very small world — say circuits of
seven atoms - we have a lot of new things that would happen

that represent completely new opportunities for design.
Atoms on a small scale behave like nothing on a large scale,

for they satisfy the laws of quantum mechanics...”



A new science for the 215t Century?

Information

20t Century

215t Century



Computer Science and Information Theory

Charles Babbage (1791-1871)
mechanical difference engine

Alan Turing (1912-1954) moving CPU
universal computing machines

readhwrite device —}‘I:II

1T(0 1|1 |0(0|1

memoary tape

Claude Shannon (1916-2001) H=_ 1
quantify information: the bit Zpi 08, Pi



http://en.wikipedia.org/wiki/Image:CharlesBabbage.jpg
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The first solid-state transistor
(Bardeen, Brattain & Shockley, 1947)



Quantum Mechanics: A 20t century revolution in physics

Why doesn’t the electron collapse onto the nucleus of an atom?
Why are there thermodynamic anomalies in materials at low temperature?

Why is light emitted at discrete colors?

! e Erwin Schrodinger (1887-1961)
Albert Einstein (1879-1955)

L

Werner Heisenberg (1901-1976)


http://osulibrary.oregonstate.edu/specialcollections/coll/pauling/bond/pictures/portrait-schrodinger-large.html
http://lovewillbringustogether.wordpress.com/2007/10/21/uncertainty-belief-vs-science-part-one/werner-heisenberg/

The Golden Rules
of Quantum Mechanics

Rule #1: Quantum objects are waves and can
be in states of superposition.

“qubit”: |0) and |1) %

Rule #2: Rule #1 holds as long as you don’t look!

|0) and |1)

7o\
10) 1)

probability p I-p




GOOD NEWS...
quantum parallel processing on 2V inputs

Example: N=3 qubits

¥ = 4,000 + a,[001) + a,|010) + a;|011)
a,]100) + a|101) + a, [110) + a,|111)

=300 qubits: more information
than particles in the universe!

...BAD NEWS...
Measurement gives random result

e.g., ¥ = [101)




...GOOD NEWS!
quantum interference

depends on
all inputs




...GOOD NEWS!
quantum interference

quantum

YNOT gate:

quantum
XOR gate:
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superposition — entanglement
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Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?

A, Ervermiy, I, Popolsky axo N. RoseN, Tagilute for Advanced Study, Prirceton, New Jersey
(Received March 15, 1935)

In o complete theory there is an element corresponding
to each element of reality. A sufficient condition for the
reality of a physical quantity is the possibility of predicting
it with eertaimty, without disturbing the system. In
quantum mechanics in the case of two physical quantities
described by non-commuting eperators, the knowledge of
ane precludes the knowledge of the other. Then either (1)
the description of reality given by the wave function in

gquanium mechanics i= not complete or () these two
guantities cannat have simultanecus reality, Consideration
ol the prablem of making predictions concerning a system
an the basis of measurements made on another syvstem thae
had previous!y interacted with it leads to the result that if
(1) 1% fala= then (2] i8 aley false, One 13 thus led 1o conclude
that the deseription of reality 2= given by & wave (unction
is not complete.

Quantum State: [0][0] & [1][1]

John Bell (1964)

Any possible “completion” to
quantum mechanics will
violate local realism

just the same




Entanglement: Quantum Coins

Two coins in a
quantum [HI[H] & [T][T]

superposition
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Entanglement: Quantum Coins
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Entanglement: Quantum Coins

Two coins in a
quantum [HI[H] & [T][T]

superposition
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Application: quantum cryptographic key distribution

@2088800 plaintext
+ 88008080 KEY

20080880 ciphertext

fg 20020320 —— %
¢k

1/

ciphertext 20010220
KEY + 83008080

plaintext 023023200



Quantum Superposition

From Taking the Quantum Leap, by Fred Alan Wolf




Quantum Superposition

From Taking the Quantum Leap, by Fred Alan Wolf




Quantum Superposition

From Taking the Quantum Leap, by Fred Alan Wolf




Quantum Entanglement

“Spooky action-at-a-distance”
(A. Einstein)

From Taking the Quantum Leap, by Fred Alan Wolf
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Quantum Entanglement

“Spooky action-at-a-distance”
(A. Einstein)

From Taking the Quantum Leap, by Fred Alan Wolf




David Deutsch

“When a quantum
measurement is made,
the universe bifucates!”

* Many Universes
 Multiverse
* Many Worlds
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both aspects of some larper whole that naturally keeps them in
synchrony. For Einstein, this made no sense. In his Theory of
Hidden Variables, he said that there must be some mysterious
common factor which accounted for all the similarities. In the
analogy of the twins, this might be our shared ic material.
The controversy wore on for years, but was eventually seutled by
Irish physicist John Bell, His thearem—Bell's Thearem—led to

experiments that finally settled the matter.

< I we applied Bell's Theorem to my twin and myself, we would
look for some instantaneous correlation in our lives that couldn't
possibly be accounted for by penetics. Imagine, for example, that
| decide to enroll in a dance class in Oxford. My twin, too, might
be observed to enroll in such a class in New York, at exactly the
same time. 5 , but not :hw]ut:l:p ocutside some ge-
netic predisposition linked with coincidence,

But supposing that | am observed to raise one or the other of
my arms during the exercises, What does my twin do? If quantum
physics is right, and important aspects of our lives are indeed
instantaneously correlated, she should raise one of her arms (the
opposite one) at exactly the same moment. If Einstein is right, my
raising an arm should make no difference to what she does—no
shared genetic material can account for simultaneous arm raising,
and no faster-than-light signal can travel from Oxford 1o New York
to tell my twin what | have daone.

In §ct, il we are quantum twins, every time | am seen to raise
my right arm, my twin raises her left one. If | raise my left arm,
she raises her right one, at exactly the same moment. Which arm
I raise at any time is completely indeterminate—both my twin
and 1 are fully ambidextrous, Each of us chooses Em]:.- which arm
to raise in the dance. And yet our behavior is linked as though we
are standing in the same room and there are springs connecting
our arms. Instantaneous, nonlocal correlations may be “‘ghostly
and absurd,” but they are a fact of quantum reality.

v In social reality, too, there often seems to be an eerie corre-
lation between apparently separate events or situations—the spon-
taneous appearance of revolutions or the acceptance of new
practices all over the globe, or the almost simultanecus discovery
of creative ideas by two or more peonle working In ismorance of




David Deutsch (1985)

Peter Shor (1994) fast number factoring N = pxq
Lov Grover (1996) fast database search

# articles mentioning “Quantum Information”
or “Quantum Computing”
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P. Shor, SIAM J. Comput. 26, 1474 (1997)

Quantum FaCtoring A. Ekert and R. Jozsa, Rev. Mod. Phys. 68, 733 (1996)

Look for a joint property of all 2V inputs
e.g.: the periodicity of a function

X X 2 2*(Mod 15)

x) = sin| 2w — — peri 0 1 1
f(x) ( p) p = period 0 ! !
2 4 4

fa(x) = a*(Mod N) r = period (a = parameter) Z 186 f:
5 32 2

6 64 4

7 128 8

8 256 1

etc...

A quantum computer can factor numbers

exponentially faster than classical computers
15 =3x%x5

38647884621009387621432325631 =? x ?

application: cryptanalysis (N ~ 102%)




Error-correction Shannon (1948)

Redundant encoding to protect against (rare) errors

> potential error: bit flip
<&
‘O&z" 0/1 \_’/__M 0/1
Q 1/0

potential error: bit flip

& oo0/111 000/111
<
*0\. 010/101 etc..

take majority
p(error) = 3p%(1 —p) + p3

p(error) =p

p — 3p*(1—p) +p°
better off whenever p < 1/2



: Shor (1995)
Quantum error-correction Steane (1996)

_ PO C
«|0) + Bl1) w Pl c b

Decohersnce

a|0) + B|1) =  o/4{ [00000) +[10010) +[01001) + [10100)
+(01010) — [11011) — [00110) — |11000)
—|11101) — |00011) — |11110) — |01111)

_110001)— 01100y — [10111) + joo1o1y }  >-aubitcode
corrects all
+ B/4{ [11111) +|01101) +]10110) +[01011) 1-qubit errors

+110101) — [00100) — [11001) — |00111) to first order
—100010) — [11100) — [00001) — [10000)

~101110) — [10011) — 01000) +|11010) }
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by executives doing surpnisingly little. Psychologist Liz
Uordon was chewing micotine gum in the smoke-free
room, nervously twirling a lock of short brown hair, sip
ping her dark coffee with three sugars and reading the
new week's supermarket tabloids.

Operations Support Officer Matt Stoll was playing
poker with Environmental Officer Phil Katzen. There
was a small mound of quaners between the men and,
mstead of cards, both of them were asing laptops linked
by a cable. As she walked past them, Ann could tell
Stoll was losing. He freely admitted that he had the
worst poker face on the planet. Whenever things weren’t
going well, whether he was playing cards or trying to
hix a computer responsible for the defeénse of the free
world, sweal collected on every pore of his round, che-
rubic face.

Stoll surrendered a six of spades and a four of clubs.
Fiul dealt harm a five of spades and a seven of hearts in
returm.

“Well, at least I've got a higher card now,"” Matt said,

folding. **One more hand,’” he said. **Too bad this isn'i

hike quantum compuling. You confine 1ons in webs of
magnetic and electnc felds, hit a wapped particle with
a burst of laser light to send it into an excited energy
state, then it it again to ground 1t That's your switch
Rows of 10ns in a quantum logical gate; giving you the
smallest, fastest computer on earth. MNeat, clean, per-

fect.””

*“Yeah."" Phal said, too bad this isn't like that."

“Don’t be sarcastic,”” Stoll said as he popped the last
of a chocolate-covered doughnut n s mouth, then
washed it down with black coffee. **Next time we'll play
haccarat and things will be different.”’

“MNo they won't,”" Katzen said, siting back as he




Trapped Atom1c lons \

Yb+ crystal
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C.M. & D. J. Wineland, Sci. Am., 64 (Aug 2008)
R. Blatt & D. J. Wineland, Nature 453, 1008 (2008)



Quantum bit inside an atom:
States of relative electron/nuclear spin

State | State | T)
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“Perfect” quantum measurement of a single atom

state |4)

“‘%ﬁ
> v\“lf"%r

atom fluoresces 108 photons/sec

i

0 10 20 30
# photons collected in 200us

o
N

Probability

state | T)

%\,\‘aj‘ir

atom remains dark

| l
%0 10 20 30
# photons collected in 200us

>99% detection efficiency!









Antiferromagnetic Néel order of N=10 spins
2600 runs, o.=1.12

All in state T

R AR AR JR AR JR AR AR W _
All in state {
AFM ground state order 222 events

219 events

441 events out of 2600 = 17%
Prob of any state at random =2 x (1/21°) = 0.2%
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Photonic Quantum Networking

Linking ideal quantum memory (trapped ion) with ideal
quantum communication channel (photon)

optical fiber

trapped
ions

trapped
jons






Quantum teleportation
of a single atom

unknown qubit
uploaded to
atom #1

- _4=® qubit transfered to
7 1(' atom #2

v & a|¢>&B|T>




we need * and more
more time.. B qubits..
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Large scale vision (103 — 10° atomic qubits)

N x N optical .
N trapped ion quantum registers SRR ORREEE SNtk N/2 beam splitters

CCD Camera



Classical Computer Architecture

e 1 layer of transistors, 9-12 layers of connectors
* Interconnect complexity determines circuit complexity
e Efficient transport of bits in the computer is crucial

]

ibm.com
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(reated by Tom Clancy and Steve Pieczenik

Bascomb-Coombs went on: “Using Shor’s quantum
factorization algorithm, one can see that factoring a large
number can be done by a QC—quantum computer—in
a very small fraction of the time the same number would
take using ordinary hardware. A problem that a
SuperCray might labor over for a few million years can
be done in seconds by my QC. So for a practical matter
like code breaking, the QC is vastly superior.”

Peel nodded. “If so, why isn't everybody using these
QCs?”

Bascomb-Coombs laughed again. “Oh, they would
much like to! But it 1sn’t mmethmg one whips up in an

old mayonnaise jar out in the woodshed. The problem

is that the coherent state of a QC is usually destroyed
as soon as it is affected by the surrounding environment.

What this means is, as soon as you turn it on and try to
access it, you destroy it. A bit of a trick to get around
that. They've tried all kinds of things over the years:
lasers, photon excitation, ion traps, optical traps, NMR,
polarization, and even Bulk Spin-Resonance—quantum
tea leaves, this last.

“Wineland and Monroe worked out the single quan-
tum gate by trapping beryllium ions. Kimble and Turch
polarized photons and did the same thing. NTC had
some carly success with nuclear magnetic resonance,
and Chuang and Gershenfeld applied Grover’s algorithm
for a 2Q model, using the carbon and hydrogen atoms
in a chloroform molecule. But the problem has always
been multiplicity and stability. Until my unit.”

“How did you manage that, if it is so hard?”

“Because I am smarter than they are,” he said. It
didn't sound 1ike Eraggmg and, given the results, appar-

ently it wasn’t.
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Quantum Computing Abyss

state-of-the-art theoretical requirements
experiments for “useful” QC

# quantum bits >1000

# logic gates >10°

error
correction

efficient
algorithms
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Individual atoms and photons Semiconductors
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Yes,you Can
nave one.

Nosvourenetdreaning. D-Wave offer

the first coiMErCIARGUARENIT computing system
on the marke e BBlEVENRBNIlding great things
that arg’aSinSpIfINgasthey are powerful.

If you're passionai@@ndeuriousabout the future of
gomputation, and you @MlikeNtertakeadifferent approach
0 S0ling problemsSNENTAKEENOOK at our products.

D-Wave One”
information







Number
cruncher

turns 50 |

Ist electronic .
computer feted

By Michas! Raphasl
The Apgccisind Prass

FHILADELPHIA — I bad oo masnltor,
eoald remember oaly 10 numbers ol &
limee, and filled & room wilk 50 beas of
ebectriciiy-sacking gear

Bl it could creech mumbers with Ihﬂ
seecned like blinding speed.

Fifty years ago this week, the Elecinon-
i¢ Mumerical Integrator and Computer
wad demonstraled for b (irit Uime al Uhe
e versity of Peansy|vania

ENIAC counfed bo 5,004 ks eae-filth of &
siepond, ghocking the workd out of L me
chanical age apd into the world of light-
ning-quick digital processing.

ENIACs collection of b-lool-high gray
cabinets made up the [irsl gesersl-par-
jpose, large-scabe, electronic compuber,

Umlil ikem, ulera" were peaple
ﬂlumhnhﬂngulum
12 Bowrs to do whllEE'l’lﬁ.Cdﬂin.hll'.‘fl

imlaste. Other elecironle machines had
e parromer in purpose.

i
Mondey, Februnry 12, 1998

- Granddaddy
of computers
tuiming 50
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“Without i, we woulds have the
space program, weé woalda'l Bave
moders alrplanes,” sai Michasd Wil
liams, editar in chief of ihe Annals of
ke History of Cemputing “Pibola
would still be trying do fly by leoking
dalisdi Lhe window occasaonhlily.”

ENIAC long age culgiew ils useful-
n=53 ag a number croncher a §E0
caleslator has moee compaling pe-
Er.

But it has nol kst ils relevance.

The university plamned an enlire

ear of cvemls lo Bonor ENIACS
ay, including turning o parl of

JAhe ariginal machine. ¥iee Presdent

Al Gore will throw & swilch Wednes-
day, the day ol (b asalversary, abd
EMNIAC will count fram 46 1o 96

The Poslal Service will unvell a
damp commemerabing “The Birtk ol

ng." And Garry Haswrw.
The Warld Chess Federalion cha
un, t-hl.:rttt ia playing sgains 1 "l
"Deep Bloe” compober.

The original assemblage of wines,
vacusEn lubes, resislons and wibches
was consirucied in aboul 2 year and 2
half ai the university's Moore School
of Ebectricsl Englmecriag.

When lully operstional, EMIAC
filled op & 30-by-5l-fool room. Every
mecond it was on, il wsed enough elec-
tricily — 174 kilowalls — Lo power &
Iypical Philadelphia home for 14
weeks.

Costing more Lhan $486,000, EN-
IAC mighi pever been attempled

THE DENVER FOST T

il P

A
]

Angcriem: e
CALCULATING MIMDS: .. Presper Ecken, masterminded EHI.A.I‘.‘.Fplﬁmld In undated photo
wh foreground, and John Mauchly, near pola, from the Unbearaity of Pennaylvania Archives.

were W not for World War IL John Msuchly, eme of (w0 master- Mauchly, then 32, bravely told As
“A lod of people 3aid we weoe inds bebind ENIAL knew ihe Army  my oiictals bla machime could &0 Lh

dreaming” said Hermas Geldstine, a8 bavieg 2 flerrible time workleg  job in 2 matter of minutes,

wixy served as llaison between the Ar-  Oub the complicaled firiag tables o~

my and ENIAC help gus crews aim oew artillery be & . W:L.I::;I’ mi;?llgm MIJI:-;:I-“I

Slectroncs peaple sald here | 128 Sed against German forces |u1-rn].- |:uu ng. oo Iate Lor N

wete Lo many vacoum fubes snd il Each liring tabie had to list pum-

would pever ren, The malbematics| bers for bendreds of polentisl Lrajec- Howewer, il Dullilled anolber mil

peaple 2ald there were oo probiems| jorpes Calculating o singhe rajeciory  WATY purjsue [rorizg test rons in 194

compéex enough that computers were | could take 40 bours osisg & mechani- it did millices of calealations on thes

cal desicop calculetor, and 30 min- moseclear chadn reaclions, predic

uies ssiag a sophisticaled machine Ing ibe destruction that eculd b

called & diftereriial analywer, causid by e hydrogen Bamb,

The Army provided bolh ibe com-
plex problema and the moniy,



Richard Feynman (1982)
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Grad Students Wp Postdocs
David Campos Susan Clark (Sandia)
Clay Crocker P Wes Campbell (UCLA)
Shantanu Debnath Taeyoung Choi
Caroline Figgatt ” | l i 'I l 1 i Chenglin Cao
Dave Hayes (Sydney) ; : . Brian Neyenhuis
David Hucul : ' Phil Richerme it
Volkan Inlek SR Grahame Vittorini
Rajibul Islam (Harvard)™ =@ S,
Aajron Lee a3 Collaborators Yo
Kale Johnson Luming Duan

. F'H S

Simcha Korenblit Howar?r‘ﬁ C

Andrew Manning Jim Freericks

Jonathan Mizrahi
Crystal Senko
Jake Smith

Ken Wright
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Undergrads
Daniel Brennan
Geoffrey Ji

Katie Hergenreder
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