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Quantum computer:
Microsoft approach




Google claims 'quantum supremacy’;
others say hold on a qubit

Published On: @ October 23, 2019 08:15 PM NPT By: Reuters
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Why Googles Quantum Il computer
Supremacy Milestone Matters quantistico di
The company says its quantum computer can complete a Google: w ECCO Ie

calculation much faster than a supercomputer. What does

that mean? prove della nostra
L]

5 St Awonson supremazia nel

Dr. Aaronson is the founding director of the Quantum Information Center at the University of
settore"

Texas at Austin.
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Science

Google scientists say they’ve achieved ‘quantum
supremacy’ breakthrough over classical computers

Forbes Billionaires Innovation Leadership Money Business Small Business Lifest

What Is Quantum Supremacy, And
What Does It Mean For
Entrepreneurs?
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Quantum Computing

On “Quantum Supremacy”
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Google and NASA Achieve Quantum Supremacy

NewScientist

News Technology Space Physics Health Mind Environment More ¥ Shop
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It's official: Google has achieved
quantum supremacy
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Let’s start from 1927...



The “golden year” of Quantum Mechanics:

Solvay conference (1927)
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Quantum Physics: Planck, Einstein, Bohr,
Dirac, Schroedinger, Heisenberg, Pauli,...



Quantum mechanics..

Energy, like matter, has a discontinuous nature being formed
by elementary quantities.

QUANTUM THEORY

All processes of interaction between bodies
(the "force fields'') are "quantized"
[""Elementary particles': photons, electrons ..]



Single particle interference
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Single particle interference
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Single particle interference
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Single particle interference
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“Classical behavior"
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Quantum interference
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Which slit does the photon pass through?
Itis as if it passed from both!



fotonein A)+ | fotonein B)

Coexistence of two complementary realities



Quantum interference

“...the heart of quantum mechanics.

In reality it contains the only mystery
»

R.P. Feynman (1965)



Quantum interference

Classical physics: a particle can travel
along path A or along path B

Quantum physics: “a particle can travel
along path A and along path B "

The particle 1s 1n an overlapping state
of the two trajectories.

The wave function that characterizes the system is written as......

fotonein A)+ | fotonein B)






”Classical” behavior

Probability
to detect
one particle




“It from bit”
J.A.Wheeler

Reality 1s also created by our questions, or by the
information acquired.

The observation disturbs the phenomenon
[“Heisenberg indeterminism”]



“It from bit”

J.A.Wheeler



“There is a moon in the sky if 1 don't

look at it?”
A. Einstein



Einstein:
« God doesn't play dice »




THE NEW YORK TIMES, SATURI

EINSTEIN ATTACKS
QUANTUM THEORY

Scientist and Two Colleagues
Find It Is Not '‘Complete’
Even Though 'Correct.’

SEE FULLER ONE POSSIBLE

Believe a2 Whole Description of
‘the Physical Reality’ Can Be
Provided Eventually.

Copyrght 1533 by Scienes Bervies
PRINCETON, N_J., May ) - Pro-
fessor Albert Elnstein will atiack

point outl that whers 1wo physical
quaniities such as the position of a
particle and ts velocily Interact, »

knowiedge of one quantity pre
cludes knowiledge aboutl the other,

This 12 the famous principle of un-

certalnty forward by Frofessor

Werner Helssnbere and

ated In the gquantum theory.

very fact, Professor Einstein feeks,
o the quantium theory fall In

the requirements necessary for »

satisfactory physical theory.
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THE NEW YORK TIM

MAY 15, 1935 PHYSICAL REVIEW VOLUME 47

| Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?
EINSTEIN ATTA
QU ANTUM TH A. EINsTEIN, B. PODOLSKY AND N(.th::ili:d I;:::;:e 2f‘;)'r l.:jgnced Study, Princeton, New Jersey

Scientist and Two Colle In a complete theory there is an element corresponding quantum mechanics is not complete or (2) these two

Find It Is Not "Compl to each element of reality. A sufficient condition for the quantities cannot have simultaneous reality. Consideration

Even Though 'Corr reality of a physical quantity is the possibility of predicting  of the problem of making predictions concerning a system

it with certainty, without disturbing the system. In  on the basis of measurements made on another system that

quantum mechanics in the case of two physical quantities  had previously interacted with it leads to the result that if

SEE FULLER ONE POSS described by non-commuting operators, the knowledge of (1) is false then (2) is also false. One is thus led to conclude

one precludes the knowledge of the other. Then either (1)  that the description of reality as given by a wave function
Believe a Whols Descript the description of reality given by the wave function in  is not complete,

‘the Physical Reality’ Ca : - , that quantum - not &
Provided Eventually. theory complete theery."

Ralses Polnt of Doubt.
B e o —— I I

- - - .

« While we have shown that the wave function
does not provide a complete description |

of the physical reality, we left open the question .
of whether or not such a description exists. |

We believe, however, that such a theory is possible. » .
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Einstein-Podolsky-Rosen paradox:
Entanglement

Let’s consider two particles (photons A and B)

0) [1),]




Einstein-Podolsky-Rosen paradox:
Entanglement

Let’s consider two particles (photons A and B)

1),10),




Einstein-Podolsky-Rosen paradox:
Entanglement

Let’s consider two particles (photons A and B)

lO A|1>B + “>Al0>3




Einstein-Podolsky-Rosen paradox:
Entanglement

Let’s consider two particles (photons A and B)

v), - 2L L),

Two entangled particles
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« I would not call entanglement one but rather
the characteristic trait of quantum mechanics,
the one that enforces its entire departure
from classical lines of thought. »

E. Schroedinger



Quantum non-locality




Generation of entangled states
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Sorry, Einstein. Quantum Study Suggests ‘Spooky Action’ Is Real.

By JOHN MARKOFF  OCT. 21, 2015 «§

B4 Email

'} Share
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In a landmark study, scientists at Delft
University of Technology in the
Netherlands reported that they had
conducted an experiment that they say
proved one of the most fundamental
claims of quantum theory — that objects
separated by great distance can
instantaneously affect each other’s
behavior.

The finding is another blow to one of the
bedrock principles of standard physics
known as “locality,” which states that an
object is directly influenced only by its
immediate surroundings. The Delft study,
published Wednesday in the journal
Nature, lends further credence to an idea
that Einstein famously rejected. He said

Part of the laboratory setup for an experiment at Delft University of Technology, in which two
diamonds were set 1.3 kilometers apart, entangled and then shared information.



European Research Program
on Quantum Technologies




The second quantum revolution...

Quantum information

a|0) + 5]1)

Quantum bit (qubit)
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Implementation of Quantum Information

Trapped ions Spin qubit

( single photons | N\

Quantum Quantum Ji&\&
computation simulation

Quantum Quantum
communication metrology
Foundations
of Quantum Mechanics

Cold atoms in Superconducting Quantum
optical Iattices qubits annealers



Polarizzation of a single photon

— <d

Oscillazione
campo magnetico

Oscillazione Direzione di propagazione
campo elethico onda elettromagnetica

Polarization of a single
photon

a|H) + B|V)

H: horizontal
V: vertical




Classical cryptOQraPth
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Classic Cryptography: Private Key

Private key protocol: key exchange via secure channel!

«Encrypted message»
Alice I Bobo

Eve:
Spy ?

Private key



Quantum cryptography

va 3
P
l+
2
Fotone trasmesso

I Filtrod|
’ o ¢ L e

1

Filtro di polarizzazione
Alice

Fotone non
polarizzato

Sequenzadi bit di Alice: 0 0 1 0 1 0 1 1 1
Schema di filtraggio di Alice: V4 ﬂ ~ l N\ e e \ o
Schemadirilevamentodi Bob: = = -~ - ”. o h 4 m{k- --}- ¥ -{)—-
Misurazione dei bit di Bob: 1 0 1 0 1 0 0 1 1

Sequenza ottenuta (chiave): - 0 - 0 1 E - 1 1



Micius: “Quantum Sputnik”

ScienceNews

A quantum communications

Z%tleyite proved its potential China's quantum satellite in big leap

Science & Environment

By Roland Pease
BBC Radio Science Unit

INOVER

Magazine issue: Vol. 192, No. 11, December 23,2017, p. 27

CIence Home News Journals Topics Careers
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& Research a
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CREATURE CULTURE EARTH HUMAN  PHYSICS SPACE SPORTS  TECHNOLOGY

Is China the Leader in Quantum Communications? o, _ , , o,
Chinese scientists have built two major quantum infrastructure projects, and the Chlna S quantum Sate”ITe aChIeVES SpOOky aCTIOI'I at

race is on to take the next step. :
o tenere record distance

By Gabriel Popkin | Jun. 15,2017, 2

Micius Quantum Communication Satellite

Rights information: Copyright American Institute of Physics )

Friday, January 19, 2018 - 10:30

The

Topics v Current edition

Economist

Keeping telecommunications secret

The first quantum-cryptographic satellite

network will be Chinese ‘

) . s March 20 rocket In Aupunt 3008 Intaes sourtesy of Xinhua /Jin
Quantum cryptography’s early birds



State-of-the-art in Satellite-based quantum key distribution

PHYSICAL REVIEW LETTERS 120, 030501 (2018)
Featured in Physics

MICIUS,
China"

Satellite-Relayed Intercontinental Quantum Network

Sheng-Kai Liao.u Wen-Qi Czji,l'2 Johannes Hum;i«steiner,"‘J Bo Liu.*® Juan Yin,'? Liang Zhang.z"' Dominik szuch."‘4
Matthias Fink," Ji-Gang Ren,'” Wei-Yue Liu,'? Yang Li,'”? Qi Shen,"? Yuan Cao,"? Feng-Zhi Li,"* Jian-Feng Wang,’
Yong-Mei Huang® Lei Deng,” Tao Xi,"" Lu Ma,"" Tai Hu,'"” Li Li,'” Nai-Le Liu,"* Franz Koidl," Peiyuan Wang,"
Yu-Ao Chen,'? Xiang-Bin Wang,” Michael Steindorfer,” Georg Kirchner,'* Chao-Yang Lu,"* Rong Shu,™®
Rupert Ursin,’* Thomas Scheidl,’* Cheng-Zhi Peng,"” Jian-Yu Wang,”® Anton Zeilinger,”* and Jian-Wei Pan'?

Micius — Graz, Austria
Date Sifted key | QBER  Final key
06/18/2017 1361 kb 1.4% Micius — Xinglong, China
» ‘ 06/19/2017 711kb 2.3% g - pr ite Sifted key | QBER | Final key
06/23/2017 700 kb 24 . 1.2% | 61kb

06/26/2017 | 1220 kb 5% ' [ 1.1% ' 141 kb
11% | 198 kb

7600km

USTC, China

Micius —Nanshan, China

Date Siftedkey QBER  Final key
050672017 S A320KBRY 10% ., 05 ki
Micius-Xinglong Key (MX) 2 B K 1.7%

Micius-Graz Key (MG)

A mpivie R
/ Micius "\ \  Bitwise xor
b ¢

/ \ at Micius
.-‘.\ '\ \
/ \'\ MXBMG
/ \s
/ \
f \
/ AN
' \ \
' | . ¢
Graz J Xinglong (N
Micius-Graz Key (MG) Micius-Xinglong Key (MX)

(MXDMG )P MX —> MG






State-of-the-art in Satellite-based quantum key distribution

RESEARCH ARTICLE pocs

QUANTUM OPTICS Yin et al., Science 356, 1140-1144 (2017) 16 June 2017

Satellite-based entanglement
distribution over 1200 kilometers

Juan Yin,"”? Yuan Cao,""* Yu-Huai Li,"** Sheng-Kai Liao,"* Liang Zhang,>*

Ji-Gang Ren,’* Wen-Qi Cai,™* Wei-Yue Liu,»* Bo Li,"* Hui Dai,"* Guang-Bing Li,+*
Qi-Ming Lu,"* Yun-Hong Gong,”* Yu Xu,** Shuang-Lin Li,"* Feng-Zhi Li,**

Ya-Yun Yin,»* Zi-Qing Jiang,” Ming Li,® Jian-Jun Jia,” Ge Ren,* Dong He,*

Yi-Lin Zhou,” Xiao-Xiang Zhang,® Na Wang,” Xiang Chang,® Zhen-Cai Zhu,®

Nai-Le Liu,** Yu-Ao Chen,"* Chao-Yang Lu,** Rong Shu,>® Cheng-Zhi Peng,™**
Jian-Yu Wang,>** Jian-Wei Pan™**

Distribution of entanglement (Bell’s inequality)
air-to-ground via two-link satellite

. -
— X

,’4__‘6 N = d‘
"a.

* &=

receiver module



TO EXPLOIT QUANTUM
PARALLELISM




- Current platforms and worldwide effort -
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] Quantum parallelism s

Classical Quantum

1 bit 1 qubit === 2 orthogonal states

0 10), +11),

2 bit 2 qubit === 4 orthogonal states

01 10041005 +10) 41105 +11) 41005 +11) 411D

3 bit 3 qubijt ===s) 8 orthogonal states

010 0),10)510)c +10),10)511) +10),11)510) . +
0) 4115110 +11) 410)510) ¢ +11) 410) 1) +
1,150}, + (1) ,11)5[1),



Inaccessibility of all the information of the wave
functions

GOOD NEWS....
The quantum computation is parallel over 2V inputs
Esempio: 3 qubits

¥) =
a0|000)+a1 |001)+a2|010>+a3 |011)+
a, |100)+as |101)+ a [110)+ a, [111)

0 0000
00 e0e

BAD NEWS....

The measurement process outputs one state
with probability |a;|?

Es.: |¥) = |000)

@06 000




Inaccessibility of all the information of
the wave functions

GOOD NEWS....

The quantum computation is parallel over 2V inputs

Esempio: 3 qubits

|¥) =
an|000)+a1 |001)+a7|010)+aq |011)+

Goal: to exploit quantum parallelism and to extract the desired
information from the system

Quantum algorithms need to be processed appropriately

Es.: |¥) = |000)




How to achieve
quantum supremacy?

(Quantum advantage)

John Preskill
y’ @preskill

Proposed "quantum supremacy"
for controlled quantum systems
surpassing classical ones. Please
suggest alternatives.



) John Preskill
HOW (o ZleIeve @ @preskill
q uantum su pI’ crna Cy.p Proposed "quantum supremacy"

for controlled quantum systems
surpassing classical ones. Please

( Quantum advan tag €) suggest alternatives.

REVIEW

Quantum computational supremacy

Aram W. Harrow! & Ashley Montanaro?

Nature Special Issue on “Quantum software”

doi:10.1038/nature23458

proposals to achieve quantum supremacy, and cuss how we can reliably compare the power of a classical compute
to the power of a quantum computer.

!Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA. 2School of Mathematics, University of Bristol, Bristol BS8 1TW, UK.

14 SEPTEMBER 2017 | VOL 549 | NATURE | 203
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Revealed: Google's plan for quantum

o ° e ° ° ° ° =
computer supremacy I I I
The field of quantum computingis undergoing a rapid shake-up, and engineers at Google Y e - *— A @ ¢
have quietly set out a plan to dominate

o o o o ° ° ° I ° I ° I
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Figure 1| A 2D lattice of superconducting qubits proposed as a way to
demonstrate quantum supremacy. Panels a and b depict the condition of
the lattice at two Hiustrative timesteps. At each timestep, two-qubit gates
(blue) are applied across some pairs of nelghbouring qubits, and random
one-qubit gates (red) are applied on other qubits. This expertment was
proposed'” by the quantum-Al group at Google; see Box 2 for more detatls,

BOX 2
Random quantum circuits

Intelligent Machines
= |

Google Reveals Blueprint for 0 — M 0] © { 77 | H —
Quantum Supremacy { .

) — M}~ 25 z - T4 H LA
The ability of guantum machines to outperform classical J T ‘
computersis called quantum supremacy. Now Google saysit ' y —— 1 -
has this goal firmlyin its sights. 0t H P 2% L Jr— ' { Zj, M }* /-'7(\
by Emerging Technology fromthe arXiv  October 4, 2017 : 0) ~ l > T M oe A

Box 2 Aigure | Example of an 1QP circult. Gatwaan two codurnns of
Hadamard gates () s a cobaction of diagonal gates (T and controlied-y'2).
Although these diagonal gales may act on the same qubit many times




Box 1 Figure | Diagram of a boson sampling &
(red wavefarms) are injectad on the left-hand s
beamspiitters {shown black) that Is sstup 1o @
ransformation. Photons are deteciad on the rig

0 3 probability distribution con tobehn
classicalty. Photonic modes are represanied by
are reprasanied by two lines coming togather, ¢
directional couplers in an integratad photonic ¢
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Figure 1| A 2D lattice of superconducting qubits proposed as a way to
demonstrate quantum sapremacy. Panels a and b depict the condition of
the lattice at two Hlustrative timesteps. At each timestep, two-qubit gates
(blue) are applied across some palrs of nelghbouring qubits, and random
one-qublrk:(ud)mappllodmothnqubﬂs.ﬁhupenmmlm
pﬂq)owd' by the quantum-Al group at Google; see Box 2 for more detatls,

BOX 2

Random quantum circuits

o) —f M I + . T HH A
[0) —f H zn Z» T T H
o—{H 2z Hz z M A
0 — H 1 - z T H A

Box 2 Aigure | Example of an 1QP circult. Batwaen two cofurnns of
Hadamard gates () &5 a colaction of diagonal gates (T and controlied-y'2).

| Almhough these dlagonal gates may act on the same qubit many times
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1 qubit —> dimension of Hilbert space =2
2 qubit —> dimension of Hilbert space =2=4
3 qubit —> dimension of Hilbert space =2?=8

The size of Hilbert's space grows exponentially
with the number of qubits



53 qubit:
dimension of Hilbert space

253 =1.8 x 1016

1 qubit —> dimension of Hilbert space =2
2 qubit —> dimension of Hilbert space =2=4
3 qubit —> dimension of Hilbert space =2?=8

The size of Hilbert's space grows exponentially
with the number of qubits
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The boundary between quantum and classical world
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Zuurek, Physics Today, October 1991, page 38



(2)Ifgeiger counteris (1) Radioactive material has
triggered, hammer falls  a 50:50 chance of triggering
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|
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Schrodinger's Cat
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Integrated
quantum photonics




Integrated
quantum photonics

- Single photon sources

- Manipulation

- Single photon detectors
ON THE SAME CHIP




Thank you!
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