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No small effort

Estimated annual spending on non-classified

quantum-technology research, 2015, €m European Union*

Netherlands 27 (550
D k 22
Canada Britain enmar
100 105

France @ Poland 12
52

Spaln @
ItaIy 36@

Austria 35 Switzerland

O 67

Brazil 11

United States
360

World 1,500

Source: McKinsey (estimate)

100
National
spending @
Russia 30
6 1 Japan
63
China 220 O
South
O Korea 13
Slngapore

*Combined estimated budget of EU countries

http:/ /www.economist.com /technology-quarterly /2017-03-09/ quantum-devices
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Excited states
Patent applications to 2015, in:

Quantum computing Quantum cryptography Quantum sensors
United States 295 | China 367 ] United States 105 [
Canada79 ] United States 233 [N China 104 O
Japan 78 L Japan 100 [ Germany 25 o
Britain 36 H Britain 50 [] Japan 18 i
China 29 I Malaysia 31 B Britain 12 [
Australia 26 1 South Korea27  |§ Canada 6 l
Germany 22 I Germany 24 [ Israel 6 l
South Korea 11 | France 15 | France 5 |
Israel 9 | Australia 14 [ Australia 3 |
Finland 7 | Canada 11 l South Korea2 |
Italy 11 | Russia 2 |
|

Taiwan 2



Intelligent Machines

MIT Moore’s Law Is Dead. Now What?

Tech nOIogy Shrinking transistors have powered 50 years of advances in
ReVI ew computing—but now other ways must be found to make

computers more capable.

by Tom Simonite May 13,2016

' '
The Telegrapy N1 Of Moore's Law? What's
next could be more exciting

@rs TecknicA

TECHNOLOGY LAB —

Moore’s law really is dead this time

The chip industry is no longer going to treat Gordon Moore's law as the target to aim for.




The

Economist
Stuttering [ Chip introduction
@ Transistors per chip, ‘000 ® Clock speed (max), MHz ® Thermal design power*, w dates, selected

Transistors bought per $, m Pentium4 | | Xeon | |Core 2 Duo

20
: Log scale
15 Pentium III 107
Pentium II
10 e®
o
5 Pentium ° ®
5
—r— 11 1 T 7170 10
200204 06 08 10 12 15 486
103
10
I I I 1 | 1 I I 1 I I I 1 | I I 1 I | I 1 1 I | I I 1 1 | I 1 I I | I 1 I I | 1 I I I | 10_1

| |
1970 75 80 85 90 95 2000 05 10 15

Sources: Intel; press reports; Bob Colwell; Linley Group; IB Consulting; The Economist *Maximum safe power consumption

http:/ /www.economist.com /technology-quarterly /2016-03-12/after-moores-law
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18 Corporations Working On Quantum Computing
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Economist

Subatomic opportunities

Quantum leaps

The strangeness of the quantum realm opens up exciting new technological
possibilities

Belle Mellor
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God does not play dice.

(Albert Einstein)
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Bennett & Brassard (BB) 84 {+iX

Quantum Key Distribution: BB84 protocol

0
N Diagonal
detector
Bit | Polarization Polarizing
valle | state Random beam splitter 71
® ;' . ———
€ Quantum channel kv
g 0= "1 .)So beam splitter
Sgp EECETF EERPIRR S SRR
s 1| T - *] 1
g‘ I Optial Random
= 0 ® switch numbes
genesator —p Rectilinear
O  detector
ALICE sends photons " P T T Vsl " T
o
"55 ALICE' random bits 0 1 0 1 1 1 0 1
§"§§ BOBS detection events A N S o NN
& Ew
BOBS detected bit vakues 1 1 0 1 1 1 0 0
BOBtells ALICE thebasis choices hemade .4, % W 4, W W W W
§ s g Red  Diag Diag  PRect  Diag Diag  Diag Diag
£ ZE Al BOBwhichbits tokeep v v v v
2 ALICE and BOBS sharedsifted key -1 - 1 - 1 o -
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If particles behaved
classically, the pattern they
produce on a screen would
be the sum of patterns
created by passing through
each individual slit

Particles are quantum,
though, and produce an
interference pattern that
cannot be explained by
classical logic
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QUANTUM COMPUTING

Devices based on subatomic physics could make calculations far faster than
conventional machines — if nothing spoils their quantum weirdness.

SUPERPOSITION

D1 Qe

Qubits

Quantum ‘qubits’ can
be encoded by, say, the
up or down spin of a
particle, and can exist
as a superposition of O
and 1 simultaneously
(represented by the
fuzzy sphere).

— Bits

A classical computer encodes
information in strings of ‘bits’, which
can take one of two values: O or 1.

i

1

A

N

®

70%

VN
} Measurement

v
30%

Y

When it is measured,
a qubit will collapse
intoaQor 1. The
probability of each
outcome depends
on where the qubit
is on the sphere.




Time to Factor an L-bit Number
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—1 billion years

—1 million years

—1 thousand years
—100 years
—10 years
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NIST recommended RSA key length

Shor, 1Hz, BCDP

Shor, 1IMHz, BCDP
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Commercialize quantum technologies in five years

Masoud Mohseni)Peter Read, Hartmut Nev@rgio Bo@bsil Denchey,
Ryan Babbush, Austin Fowler, Vadim Smelyanskiy & John Martinis
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Quantum simulator
AT ETWRAMH T %
Quantum-assisted optimization
TR

Quantum Sampling

.. we plan to provide access to our quantum

processors through cloud services ...
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"For example, algorithms are already known (such as the
'quantum variational eigensolver' approach) that seem to

lirr

TN

be immune to qubit control errors.”

nature '

COMMUNICATIONS
ARTICLE
Received 9 Dec 2013 | Accepted 27 May 2014 | Published 23 Jul 2014 OPEN

A variational eigenvalue solver on a photonic
quantum processor

Alberto Peruzzo'*, Jarrod McClean?*, Peter Shadbolf, Man-Hong Yung?3) Xiao-Qi Zhou', Peter J. Love?,

Alan Aspuru-Guzik? & Jeremy L. O'Brien



SCIENTIFIC
REPLIRTS

From transistor to trapped-ion computers
for quantum chemistry

J. Casanova®, A. Mezzacapo?®, J. McClean?, L. Lamata®, A. Aspuru-Guzik? & E. Solano®*

arXiv.org > quant-ph > arXiv:1506.00443

Quantum Physics

Quantum Implementation of Unitary Coupled Cluster for Simulating Molecular Electronic
Structure

Yangchao Shen, Xiang Zhang, Shuaining Zhang, Jing-Ning Zhand, Man-Hong Yung, Xihwan Kim

A-El A A R 2t

arXiv.org > quant-ph > arXiv:1512.06860

Quantum Physics

Scalable Quantum Simulation of Molecular Energies

P. J. ). O'Malley, R. Babbush, I. D. Kivlichan, J. Romero, J. R. McClean, R. Barends, J. Kelly, P. Roushan, A. Tranter, N. Ding, B. Campbell, Y. Chen, Z.
Chen, B. Chiaro, A. Dunsworth, A. G. Fowler, E. Jeffrey, A. Megrant, J. Y. Mutus, C. Neill, C. Quintana, D. Sank, A. Vainsencher, J. Wenner, T. C.
White, P. V. Coveney, P. J. Love, H. Neven, A. Aspuru-Guzik, J. M. Martinis
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News room > News releases

IBM Building First Universal
Quantum Computers for Business

and Science

- IBM unveils roadmap for commercial “IBM Q” quantum
systems

“One of the first and most promising applications
for quantum computing will be in the area of
chemistry and could lead to the discovery of new
medicines and materials”
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A Quantum Adiabatic Evolution Algorithm Appliec
to Random Instances of an NP-Complete Problenr

Edward Farhil”, Jeffrey Goldstone!, Sam Gutmann?, Joshua Lapan®, Andrew Lundgren®, Daniel Preda®
+ See all authors and affiliations

REPORT

Science 20 Apr 2001:
Vol. 292, Issue 5516, pp. 472-475
DOI: 10.1126/science.1057726
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D-Wave One
Available May 2011
Code-name Rainier
Qubits 128
Couplers 352
Josephson
, , 24,000
junctions
I/O / control lines
Operating
temperature
Power
consumption
Lockheed
Buyers :
Martin

D-Wave Two
May 2013
Vesuvius

512

192

0.02 K

15.5 KW

Lockheed Martin
Google/NASA/USRA

D-Wave 2X
August 2015

1152
3000

128,000

0.015 K

25 kW

Lockheed Martin
Google/NASA/USRA

Los Alamos National
Laboratory

D-Wave 2000Q!“°1146]
January 2017

2048
5600

Temporal Defense
Systems Inc.

Google/NASA/USRA4/]
Volkswagen Group!*8]

Virginia Tech!4°]
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THEORY OF COMPUTING, Volume 9 (4), 2013, pp. 143-252
www.theoryofcomputing.org

lim

The Computational Complexity of
Linear Optics”

Scott Aaronson’ Alex Arkhipov*

Received December 2, 2011; Revised December 30, 2012; Published February 9, 2013

Science. 339: 794 Science. 349: 711
Science. 339: 798 Nature Photonics. 8: 615
Nature Photonics. 7: 540 Nature Photonics. 8: 621

Nature Photonics. 7: 545
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“Among promising applications of quantum
sampling are inference and pattern
recognition in machine learning.”
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Welcome to INSPIRE, the High Energy

| N S P I R E Physics information system. Please direct
guestions, comments or concerns to

feedback@inspirehep.net.

Hep :: HeEpPNAMES :: INSTITUTIONS :: CONFERENCES :: o
EXPERIMENTS :: JOURNALS :: HELP

ADS/CFT, Quantum Information, and Quantum Gravity

Shenzhen, SUSTC - Postdoc

Field of Interest: gr-qc, hep-th, quant
Deadline: 2017-04-30 (PASSED)
Region: Asia

Job description:
ADS/CFT, Quantum Information, and Quantum Gravity

Shenzhen, SUSTC - Postdoc
Job description:

One postdoctoral position in ADS/CFT, Quantum Information, and
Quantum Gravity at SUSTech (Southern University of Science and
Technology) in Shenzhen.

The "Quantum Information" and "Classical and Quantum Gravity” groups
at SUSTech (Shenzhen, China) are looking for a highly motivated
postdoc candidate to work on projects related to the interdisciplinary
area: ADS/CFT, quantum entanglement, and quantum gravity. The
groups

are led by @an-Hong @n@monardo Modest
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p OtomCS PUBLISHED ONLINE: 19 JANUARY 2014 | DOI: 10.1038/NPHOTON.2013.354

Demon-like algorithmic quantum cooling and its

realization with quantum optics

Jin-Shi Xu', Man-Hong Yung?37, Xiao-Ye Xu', Sergio Boixo'!, Zheng-Wei Zhou', Chuan-Feng Li'*,
Alan \Aspuru-Guzik®* and Guang-Can Guo'




ENTROPIES

Quantum . quantum entanglement
Thermodynamics Quantum (2)
_BH Informationtheor
ot Y -
P = tre—ﬂH S = —trp lnp Maxwell’s demon
\ [

Statistical Physics Information theory

S=k,InQ S=-2 pnp,
k

4
S:—kBZélné \



SHORT PROOF 2P LAW
IN THE LANGUAGE OF QUANTUM INFORMATION

Assumptions:

Pl = @ it plh =Up!™ @ piU’ oot
S (pa)+ S (ps) > S(pas) S(pa® pg) = S(pa) + S(ps)

O\ T
S(ps") +S (b)) > S (Upst @ pg*U") = S (p§" ® pg*) = S (3*) + S (pE")

S(UpU™) = S(p)
= S(p5") — S (08") +S (p") — S (p") = 0

| | | |
— ASS — ASB
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