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The immensely successful theory of computing developed in
the mid 20" century uses primitives that are

e discrete
e irreversible
e classical

thus abstracting away a lot of physics.

Bringing back a little of the physics reveals some important
but previously overlooked fundamental facts about
computation and communication.

The quantum formalism is now considered the most
complete and natural basis for the theory of information and
Its processing, with the familiar classical theory emerging as
an important special case.



Information = Distinguishability,

considered as an abstract property separate from
the physical information carrier.

(Using a pencil, a piece of paper can be put into
various states distinguishable at a later time.)

- Information is reducible to bits (0,1 )

- Information processing can be reduced to logic
gates (e.g. NAND ) acting on bits 1 or 2 at a time.

- bits and gates are fungible, independent of
physical embodiment, making possible Moore's law

We take for granted that information
- can be copied without disturbing it
- cannot travel faster than light
- can be erased when no longer wanted




Thermodynamics of computing

e Landauer’s Principle: each erasure of a bit, or other
many-to-one mapping a physical computer’s logical
state, must dissipate at least kgT In 2 (about 3x10-21
Joules) of waste heat into the computer’s environment.

» Reversible computers, which by their hardware and
programming avoid these logically irreversible
operations, can in principle operate with arbitrarily little
energy dissipation per step in the low-speed limit.

« Similar design and programming principles (e.g.
Adiabatic CMOS) can considerably reduce the overall
energy cost of practical computations, despite reduced
clock speed and increased circuit complexity (which can
sometimes be offset by massive parallelism).




A bigger change of mindset: Quantum Computing

Information in microsopic bodies such as
photons or nuclear spins obeys quantum laws.
Such information

- cannot be read or copied without disturbance.

- can connect two spacelike separated observers
b?/ a correlation too strong to be explained by
classical communication. However, this
"entanglement” cannot be used to send a message
faster than light or backward in time.

Quantum information is reducible to qubits
l.e. two-state quantum systems such as a
photon's polarization or a spin-1/2 atom.

Quantum information processing is reducible to
one- and two-qubit gate operations.

gubits and quantum gates are fungible among
Ifferent quantum systems



Ordinary classical information, such as one finds in a book, can
be copied at will and is not disturbed by reading it.

Quantum information is more like

the information in a dream f(sf\ i

 Trying to describe your dream { )
changes your memory of it, Y~ ¥
so eventually you forget the O

dream and remember only what °

you’ve said about it.

* YOu cannot prove to someone else
what you dreamed.

But unlike dreams, quantum information obeys well-known laws.
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1. A linear vector
space with com-
plex coefficients
and inner product

<ply> =em

2. For polarized
photonstwo, e.g.
vertical and horizonal

=) ()

3. E.g. for photons,
other polarizations

2=(1)~ (1)
(3 )o (1)

4. Unitary = Linear and
inner-product preserving.

Quantum laws

|. To each physical system
there corresponds a Hilbert
space 1 of dimensionality equal
to the system's maximum num-
ber of reliably distinguishable
states. 2

2. Each direction (ray) in the
Hilbert space corresponds to a
possible state of the system. 3

3. Spontaneous evolution of an
unobserved system is a unitary 4
transformation on its Hilbert
space.

-- more --




4. The Hilbert space of a com-
posite sysem is the tensor
product of the Hilbert spaces

of its parts. 1

5. Each possible measurement 2
on a system corresponds to a
resolution of its Hilbert space
into orthogonal subspaces { Pj 2

where @ P; =1. Onstate
[ATthe result | occurs with
probability [P; A2 and the
state after measurement is
P, | &P
| P | 2P

S~ 7 N —

1. Thusatwo-photon
system can exist in
"product states" such as

<5 and <«
but also in "entangled"
states such as

N

N/ 2

\/

in which neither
photon has a definite
state even though the
pair together does

2 Believersin the "many
worlds interpretation” reject
this axiom as ugly and
unnecessary. For them
measurement isjust a unitary
evolution producing an
entangled state of the system
and measuring apparatus.
For others, measurement
causes the system to behave
probabilistically and forget
its pre-measurement state,
unless that state happensto
lie entirely within one of the
subspaces P .



Superposition Principle

Between any two reliably distinguishable
states of a quantum system

(for example vertically and horizontally polarized
single photons)

there exist other states that are not reliably
distinguishable from either original state

(for example diagonally polarized photons)



Calcite crystal Detectors
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- Non-orthogonal states like <«» and/ are
(Mathematically, a superposition / >+ t

is a weighted sum or difference, = ‘/—T in principle imperfectly distinguishable.
and can pe plc_ture_d as an < — ¢ <«» always behaves somewhat
intermediate direction in space) \ -

‘/'2' like / and vice versa. This is the

basis of quantum cryptography.



Quantum Cryptography
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In the end, Alice and Bob will either agree on a shared secret key, or else they will
detect that there has been too much eavesdropping to do so safely. They will not,
except with exponentially low probability, agree on a key that is not secret.



Any quantum data processing

can be done by 1-and 2-qubit S by ——
gates acting on qubits. ) I

The 2-qubit XOR or "controlled-NOT" gate flips its

2nd input if its first input is 1, otherwise does nothing.
PSR N N
|0y =
A superposition of inputs gives a superposition of outputs.
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an entangleod state 1s a state of a whole

system that 1s not expressiBle in terms oOf
states of iIts parts.

The two photons may be said to be in a definite state of

sameness of polarization even though neither photon has
a polarization of its own.

An entangled system can have zero entropy, even though
Its parts have a lot of entropy.



(For a classical computer, factoring appears to be exponentially harder than multiplication,

by the best known algorithms.) Factors
RSA 129 — 3490529510847650949
1478496199038981334

1143816257578888676 C 1776463849338784399

6923577997614661201 0820577

0218296721242362562 I |

5618429357069352457 el . o o © o cecnni —p x

3389783059712356395

8705058989075147599 3276913299326670954

290026879543541 9961988190834461413
L 1776429679929425397

QR28R513
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Same Input and Output, but Quantum processing of intermediate data gives

3490529510847650949 :
1478496199038981334 Exponentlal speedup
e
: - 0820577 ' :
0218296721242362562 Q for Factoring  (Shor algorithm)
5618420357069352457 iy, — x
3389783059712356395 /\
8705058989075147599 ( - 3276913299326670954 ,
290026879543541 Nl 9961988190834461413 Quadratic speedup
1776429679929425397
98288533

for Search  (Grover algorithm)

(For a quantum computer, factoring is about as easy
as multiplication, due to the availability of entangled
Intermediate states.)



A Computer

Classicn - " can be compared
asSsSiCa -DIt t
Computer - mpu\ to a Stomach
/ n-bit intermediate
state e.g. 0100 -

n-bit output

Quantum Computer

Because of the superposition principle and the
possibility of entanglement, the intermediate
state of an n-qubit guantum computer state
requires 2'' complex numbers to describe,

. giving a lot more room for maneuvering

a]0000>+b|0001>+c|0010>+d|0011>+...




How Much Information is “contained in” N qubits,

compared to N classical bits, or N analog variables?

Digital Analog Quantum
Information
required N bits N real 2N complex
to specify numbers numbers
a state
Information N b N real N bits
extractable IS

numbers

from state
Good error
correction yes no yes




Expressing classical data processing in quantum terms.

A classical bit is just a qubit with one
of the Booleanvalues 0 or 1.

A classical wire is a quantum channel that conducts 0 and 1
faithfully, but randomizes superpositions of 0 and 1.

(This occurs because the data passing

through the wire interacts with its environment, >
causing the environment to learn the value of

the data, if it was O or 1, and otherwise

become entangled with it.)

Y
A classical channel is a quantum 0 an
channel with an eavesdropper.

A classical computer is a quantum i
computer handicapped by having

eavesdroppers on all its wires.




The Downside of Entanglement

Quantum data is exquisitely sensitive to
decoherence, a randomization of the quantum
computer’s internal state caused by entangling
Interactions with its environment.

Fortunately decoherence can be overcome, in
principle, by error-correction techniques developed
over the last decade:

e Quantum Error Correcting Codes
e Entanglement Distillation
e Quantum Fault-Tolerant Circuits



The Simplest Quantum Error-Correcting Code
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Encoder entangles input state with

four standard qubits. Resulting entangled
state can then withstand the corruption of
any one of its qubits, and still allow
recovery of the exact initial state by a
decoder at the receiving end of the
channel



Quantum Fault Tolerant Computation
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Clean qubits are brought into interaction with the quantum
data to siphon off errors, even those that occur during

error correction itself.



Physical systems actively considered
for guantum computer implementation

Liquid-state NMR
NMR spin lattices
Linear ion-trap

e Electrons on liquid helium
e Small Josephson junctions
— *charge” qubits

spectroscopy |
Neutral-atom optical — “tlux” qubits

lattices e Spin spectroscopies,

Cavity QED + atoms Impurities in semiconductors
Linear optics with single * Coupled quantum dots
photons — Qubits: spin, charge,
Nitrogen vacancies in excitons

diamond — Exchange coupled, cavity
Topological defects in coupled

fractional quantum Hall
effect systems



Executive Summary
» Moore’s law will end most painfully for non-parallelizable computations.
Adiabatic and other low-energy computing offers a softer landing for others.

« A Quantum computer will probably be built eventually, but not right away.
Maybe in 20 years. We don’t know yet what its hardware will look like.

* [t would exponentially speed up a few computations like factoring,
thereby breaking currently used digital signatures and public key
cryptography. Quantum cryptography gives a partial fix.

e |t would speed up many important optimization problems like the
traveling salesman, but only quadratically, not exponentially.

* There would be no speedup for many other problems. For these
computational tasks, Moore’s law will still come to an end, even with
guantum computers.

 Quantum information has other applications besides computing, e.g. in
cryptography and metrology, and is an exciting field of basic research.



