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What kinds of things
does nature allow
us to compute?

[1995 Pentium Pro, www.tayloredge.com/museum]



What kinds of things
would nature allow
us to compute

if we could utilize
the power of
quantum mechanics?

[qubit-ulm.com]



“ Because nature is not
classical, dammit, and
if you want to make
a simulation of nature
- you'd better make it
quantum mechanicall ’,

R. P. Feynman




we need a qubit

what can we do with it?

EPR pairs

tricky 2-qubit protocols
the algorithms
making quantum computing tick

error correction F(.'K
can we really scale up this stuff?

the limits

complexity & limits of q. computing & 57
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two slits and light




two slits and a laser interference
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two slits and electrons
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Beampslitters and superpositions
A single photon & a beamsplitter.
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[wikipedia.org]
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Beampslitters and superpositions
A single photon & a beamsplitter.
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Beampslitters and superpositions of light waves
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Polarizing filters: looking through sunglasses

nonpolarized light: E in all directions
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linear polarizer: let only one direction of E through

m a half-destructive measurement: pass/or not



Another option: polarizing beamsplitters

Horizontally polarized light goes one way, vertically polarized the other way.

B What if we rotate the basis?



Using a vector description (superpositions).
More than O’s and 1.

[qubit-ulm.com]



Do electrons contain small magnets?
Discovering the electron’s spin.

inhomogeneous mag. field & magnets
we can expect a continuous distribution




Do electrons contain small magnets?
Discovering the electron’s spin.

inhomogeneous mag. field & electrons
the Stern-Gerlach experiment (1922)




Do electrons contain small magnets?
Discovering the electron’s spin.

inhomogeneous mag. field & electrons
the Stern-Gerlach experiment (1922): the actual behavior
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Gerlach’s postcard to Bohr [Niels Bohr Archive, Copenhagen]



Electrons and their spin

Predeterminted measurement results?
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B eigenstates repeated measurements of the same type
don’t change the results anymore



Electrons and their spin

Predeterminted measurement results?
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Data in a backpack?
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Electrons and their spin

Predeterminted measurement results?
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. The playground of QM

O 1 bits
0> 11> qubits

+>|-) superpositions

polarized photons

(electron) spins
ground/excited atomic states
superconducting circuits
quantum dots
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SHUT UP
CALCULATE



The (finite-dim) quantum-mechanical playground

The state of a single qubit.

abit QOor1

a qubit a (normalized, complex) vector

in a 2D Hilbert space

V) =a|T)+0]])

® How many

parameters? |7/}> — a’|0> + b|1> —




A qubit: the Bloch sphere

A two-angle parametrization.
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A qubit: the Bloch sphere 0y ®

A two-angle parametrization.

B How much information

can we store in a qubit? "
® How can we distinguish
the states of a qubit?
Does an overall L 0 i i B
phase matter? ‘¢> — CO5 3 ‘O> 1 €7 s 2 |1>

= unitary transformations
projective measurements



The Dirac bra-c-ket notation for states

Pure states of a qubit, overlaps and probabilities.

a “ket”  avector of amplitudes
a

) = al0) +bi1) = | §

the Z-basis |0) = [ ! ] 1) = [ 0

0 1|
probability S 2
of finding “0” Po | |
= Which state has a 50% [ ]
probability to be up or down?

® How about 25%7



The Dirac bra-c-ket notation for states

Pure states of a qubit, overlaps and probabilities.

a “ket”  avector of amplitudes
a

) = al0) + 1) = | §

the Z-basis  |0) = [ (1) ] 1) = [ (1)

probability  calculate the overlap of the states

NI pe = ()2
a“br” (9] = [|¢)]" = [ "

eats a ket, spits out a number



The Dirac bra-c-ket notation for states

Pure states of a qubit, overlaps and probabilities.

a “ket”  avector of amplitudes
a

) = al0) + 1) = | §

the Z-basis  |0) = [ 0 ] 1) = [ 1

probability  calculate the overlap of the states

ff' d' PR
oHnANe " py = [(B]Y)|?

a“or” (¢] = [|¢)]" = (@ "]
(W) = 1




The players and rules of QM

States, operators, measurements and evolution.

state  a vector of amplitudes

operator a Hermitian matrix spin-Z
what we observe magnetization
energy
real eigenvalues correlation

A= (Y] Al)

Schrédinger equation Z%‘l@ — HW))

— 9 t
the Hamniltonian 7 U(t) — e 1Ht generates

unitary evolution



The players and rules of QM

States, operators, measurements and evolution.

state  a vector of amplitudes

operator a Hermitian matrix spin-Z
what we observe magnetization
. energy
real eigenvalues correlation
transformation  a unitary matrix 8 [Otat“fﬂ
] a “gate
something we can do -+ conditional
a reversible operation operation

V) = Ul)



What do you know about the Pauli operators?

Hermiticity? Unitarity”? Trace?
Figenvalues? Eigenvectors?
Multiplication rules?
Commutation rules?

Exponentiation?
How do they act on

the others’ eigenvectors?
How can we exchange

between the X and Z bases?

7= (X,Y,2)
e—i(p(’f-(?)




A spin in a magnetic field.

= A magnetic field in the Z-direction.

H:—uﬁ-gz—cZ:—c

m QOur initial state: spin in the x-direction.

a+) = [+) = 7 (10) + (1))

= What will happen and why?




[Gavin W. Morley]



90° 180° echo

[Gavin W. Morley]



Detecting a bomb without detonating it [Elitzur-Vaidman].

m A bomb explodes we decide to look at it.

m |f we could use a qubit as our “control”...

0) don't look 1) let's test our luck

Rotate the qubit a little and test again...

0) 0) 0)

0) =— — Ry p— —| Ry = — oo = |0)

® What if there was no bomb?

0) — Ry ———— Ry p———— e — |1)




OH ALICE.. YOURE Y /| BUT BOB- IN A
THE ONE FOR ME i | @UANTUM WORLD
% /HOW CAN WE BE SURE




Unconditional security: one-time pad

p mmp (=P Px

plaintext ciphertext key






Unconditional security: one-time pad

p wmm) ('=PPx

plaintext ciphertext key

P=0®xDdx

m the key can be safely D = Q D x

used only once!
/ CeD=P3Q

= y.
. [wiki]

m a different option: computational security
C=F(P), and computing F'is hard




Sharing a password: photons & a public channel

m Prepare photons
Send photons
Detect photons

m Announce the results!

® Do some checking.

= Get a secret key (one-time pad).



Making up a password using a public channel

The BB84 protocol (no entanglement).

Alice

choose a basis
prepare a photon
send it

Bob

choose a basis
measure the photon

1
0

random

random

[Bennett & Brassard]



Making up a password using a public channel

The BB84 protocol (no entanglement).

Bob

choose a basis

Alice

choose a basis

prepare a photon measure the photon

send it
random

random

1

compare the basis choices (publicly)
correlated results wherever the bases match

those results make up the secret key [Bennett & Brassard]



we need & use a qubit

spin-’, superpositions, transforming & measuring
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we need a qubit

well, what can we do with it?

EPR pairs

and tricky 2-qubit protocols

the algorithms

that make quantum computing tick

error correction

can we really scale up this stuff?

the limits

complexity & limits of q. computing










