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QuantumMamfesto

A New Era of Technology

http://qurope.eu/manifesto

This manifesto is a call to launch an
ambitious European initiative in
guantum technologies, needed to
ensure Europe’s leading role in a
technological revolution now
under way.

Europe needs strategic investment
now in order to lead the second
guantum revolution. Building upon
its scientific excellence, Europe has
the opportunity to create a
competitive industry for long-term
prosperity and security.
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Why “quantum”?

Bit vs Qubit

Logic gates

optical C-NOT quantum gate
Reconfigurability of a Q-circuit
Quantum simulators

the project INQUEST

o Hardware — Quantum simulator

o Software — Quantum algorithms
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Why Quantum and not Classical?

Classical computation — Quantum computation —
data unit is bit data unit is qubit
Valid output Valid output

Q or @ V) =a x |0)+ 8 x |1)




Qubit — a two-state quantum-mechanical system

e Polarization of a single Quantum computation —

photon ( I up or | down) data unit is qubit
Superposition of two states: é
Probability

0) > a? ;|1) > B2 Valid output

store much more information éx
than just 1 or O, because they ' ’
can exist in any superposition

of these values.
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Qubit — a two-state quantum-mechanical system

Classical Bit = One out of 2N A 3-bit register:

possible permutations Input Output
100 011
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CLASSICAL vs QUANTUM computation

By 2040 we will not have the capability to power all of the machines
around the globe (Semiconductor Industry Association report).

Industry is focused on finding ways to make computing more energy
efficient, but classical computers are limited by the minimum
amount of energy it takes them to perform one operation.

This energy limit is named after Rolf Landauer (IBM Research), who
in 1961 found that in any computer, each single bit operation must
use an absolute minimum amount of energy.

Eoin = kT In2 @ room temperature it is 18 meV or 2.88 x107° fJ

Necessity in turning to radically different ways of computing, such as
QUANTUM COMPUTING, to find ways to cut energy use.
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Qubit — a two-state quantum-mechanical system

Classical Bit = One out of 2N A 3-bit register:

possible permutations Input Output
100 011
Qubit - All of possible 2N

permutations

_ A 3-Qubit register:
Qubits are processed all at the

: Input Output

same time! 000 ooop
001 001
010 010
] 100 100
Exponential speedup 110 110
101 101
101 101
111 111
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CLASSICAL computation

N-bit Boolean function

n single-valued function on n
discrete inputs

« given an arbitrarily large function f, is it possible to identify a universal set
of simple functions — called GATEs — that can be used repeatedly in
sequence to simulate f on its inputs

* each gate is formed by small number of inputs from a,, ..., a,
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CLASSICAL computation

the number of NAND (2-bit) gates needed to simulate a function with n inputs
scales exponentially in n
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CLASSICAL

a, NAND a,
1

NAND logic gate

computation

HARDWARE
5V
Resistance
/
Y

d,

Transistor
d,
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NAND logic gate

computation
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CLASSICAL

NAND logic gate
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CLASSICAL computation

a, NAND a,
1
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CLASSICAL computation

a, CONTROL

a, TARGET
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\/

M. Ghulinyan



CLASSICAL vs QUANTUM computation

If the CONTROL bit is set to 0 it does nothing.

If it is set to 1, the TARGET bit is flipped.
a; CONTROL

That is, the gate causes the target bit to be

a, TARGET correlated to the control bit.

Here comes the “ENTANGLEMENT”

Input Output
CONTROL TARGET CONTROL TARGET
| 0> |0> |0> |0>

|0> | 1> |0> | 1>
| 1> | 1>
| 1> | 1>
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QUANTUM ENTANGLEMENT

Quantum ENTANGLEMENT is a quantum mechanical phenomenon in
which the quantum states of two or more objects have to be described
with reference to each other (CORRELATED), even though the

individual objects may be spatially separated.

Hey, Alice, I've
measured |1>, so |
50% ) know you had |0> Y 50%

IN:)] 50%

I
Alice (A) Bob (B)
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QUANTUM ENTANGLEMENT

Quantum ENTANGLEMENT is a quantum mechanical phenomenon in
which the quantum states of two or more objects have to be described
with reference to each other (CORRELATED), even though the

individual objects may be spatially separated.

Polarization Energy
g

Quantum V‘F’0|a£iatlon
dot c > e

T hv + A

’ .

.

E < hv — A

H-polarization
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The quantum C-NOT gate

The CNOT gate is the "quantization" of a classical XOR gate.

It is a quantum gate that is an essential component in the construction of
a quantum computer. It can be used to entangle and disentangle quantum states.

Any quantum circuit can be simulated to an arbitrary degree of accuracy using a
combination of CNOT gates.

C-NOT (Controlled NOT)

Input Output
CONTROL TARGET CONTROL TARGET
| 0> |0> |0> |0>
|0> | 1> |0> | 1>

| 1> | 0> | 1> | 1>
| 1> | 1> | 1> |0>
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The quantum C-NOT gate

The CNOT gate transforms a 2-qubit state

1) = a x [00) + B x |01) + v x [10) + & x |11)

into

[0) = a x [00) + 5 x [01) + v x |11) + 4§ x |10)

C-NOT (Controlled NOT)
The CNOT gate operates on

a quantum register consisting of 2 Input Output

qubits. CONTROL TARGET CONTROL TARGET

The CNOT gate flips the second |0> |0> |0> |0>
qubit (the target qubit) if and only
if the first qubit (the control qubit)

| 0> |1> |0> |1>
is | 1> | 1> | 1>

| 1> | 1>
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How to realize physically a C-NOT gate?
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In an optics lab...

R
i3

p"ti.cél fibers or free-space beams

Beam splitters and mirrors
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...or integrate these functions into tiny chips

Sgeesing the area by million times !
Volume reduced by 10! times !
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Waveguide coupler

iy

Waveguide

-
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http://www.photonics.umbc.edu/

Optical fiber
Waveguide =
Free-beam + mirror

s 1le— 500 nanometers Waveguide coupler = Beam splitter
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Beam splitter — waveguide coupler

Output 2 Periodic exchange of power
Output 1 :
between waveguides
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Beam splitter — waveguide coupler

Output 2 Periodic exchange of power
Output 1 :
between waveguides
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Beam splitter — waveguide coupler

50/50 splitter Full transfer
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An optical C-NOT quantum gate

requires the control photon to induce a it phase shift on the
target photon if the control photon is in the ‘1’ state

0/1
Control 0[
1/0
0/1
Target o[
50/50 50/50
splitter splitter

O’Brien, Jeremy L., Akira Furusawa, and Jelena Vuckovic. "Photonic
guantum technologies." Nature Photonics 3.12 (2009): 687-695.
M. Ghulinyan



A linear optical C-NOT quantum gate

Single Photon
Detector

1

/3
0/1 —,_\——>
Control 0[

R — U e —
1/3

N T
Target o[ 1/2 1/2
o —/ o

1/3

The CNOT operation is applied to the
control and target qubits, conditional
on a single photon being detected at

Ralph, Timothy C., et al. "Linear optical controlled-NOT gate in the each detector
coincidence basis." Physical Review A 65.6 (2002): 062324.
M. Ghulinyan



Reconfigurable Quantum circuit

The two qubits are input in C-NOT eat
the logical zero states of i gate
both the control and target
(upper waveguides)
/
s $ .
/- \
| W—
* — :H T\
O~ ~O-Ox
—/
[\

H Phase-shifter =__/ Mach Zehnder interferometer

Shadbolt, Peter J., et al. "Generating, manipulating and measuring entanglement and mixture
with a reconfigurable photonic circuit.” Nature Photonics 6.1 (2012): 45-49. M. Ghulinyan



Reconfigurable Quantum circuit

Arbitrary C-NOT gate
state

preparation

/
oM )
" OO ; —O=OrC,

H Phase-shifter =__/ Mach Zehnder interferometer

Shadbolt, Peter J., et al. "Generating, manipulating and measuring entanglement and mixture
with a reconfigurable photonic circuit.” Nature Photonics 6.1 (2012): 45-49. M. Ghulinyan



A Quantum simulator

Controllable guantum systems that can be used to mimic other quantum systems.

They have the potential to enable the tackling of problems that are intractable on
conventional computers

International Journal of Theoretical Physics, Vol. 21, Nos. 6/7, 1982

Simulating Physics with Computers

Richard P. Feynman

Depariment of Physics, California Institute of Technology, Pasadena, California 91107

Received May 7, 1981

... the physical world is quantum mechanical, and therefore the proper problem

is the simulation of quantum physics.

Let the computer itself be built of quantum mechanical elements which obey

quantum mechanical laws.

...therefore, I believe it's true that with a suitable class of quantum machines

you could imitate any quantum system, including the physical world.

M. Ghulinyan



Quantum simulators

Supercomputers cannot yet predict if a material composed of few hundred atoms will
conduct electricity or behave as a magnet, or if a chemical reaction will take place.

Quantum simulators based on the laws of quantum physics will allow us to overcome
the shortcomings of supercomputers and to simulate materials or chemical
compounds, as well as to solve equations in other areas, like high-energy physics ...

@
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Results of quantum optics experiment for
simulating the energy of the hydrogen molecule
in the minimal basis set. Plot of the molecular
energies of the different electronic states as a
function of interatomic distance.

Lanyon, B. P. et al. Towards quantum chemistry on
a quantum computer. Nature Chem. 2, 106 (2010)

Peng, X., Zhang, ]., Du, |. & Sater, D. Quantum simulation of a system

with competing two= and three-body interactions. Phys. Rev. Lett. 103,

140501 (2009).

D, . et al. NMR implementation of a molecular hydrogen quantum

simulation with adiabatic state preparation. Phys. Rev. Lett. 104, 030502 (2010].
M. et al. Emulation of a quantum spin with a superconducting phase

qudit. Science 325, 722-7

Houck, A. A., Tiireci, H. E.

superconducting circuits. Nature Ph » 292=299 (2012).

Lu, C-¥. et al. Demonstrating anyonic fracti istics with a six-qubit

quantum simulator. Phys. ( 9.

Pachos, J. K. et al. Revealing anyonic features in a toric code quantum

simulation. New J. Phys. 11, 083010 (2009).

Lanyon, B. P. et al. Towards quantum chemistry on a quantum computer.

Nature Chem. 2, 106=111 {2010).

Broome, M. A. et al. Discrete single-photon quantum walks with tunable

decoherence. Phys. Rev. Lett. 104, 153602 (2010).

Peruzzo, A. et al. Quantum walks of correlated photons. Science 329,

1500=1503 (2010).

Ma, X., Dakic, B., Naylor, W., Zeilinger, A. & Walther, P. Quantum simulation

of the wavefunction to probe frustrated Heisenberg spin systems. Nature Phys.

7, 399=405 (2011).
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Bulky quantum simulators/computers

IBMQuantum Experlence £

e AR R A ursTviimmes
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Photonic Quantum simulator: ingredients

Hardware level

-

Analog drivers

t [|011u03 |91!8!(]J l

Software level

-

User interface
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INQUEST - Hybrid integrated photonic-electronic
platform for quantum simulations
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INQUEST — the concept
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INQUEST — our vision
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INQUEST — on chip photon source

M. Ghulinyan
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Quantum Software! -D(

The advent of fully fledged, universal quantum computers will signify a
radical departure from current computing. Several aspects include:

@ Quantum programming languages and compilers
@ fault-tolerant quantum computation
@ quantum algorithms

@ post-quantum cryptography

!Leonie Muec. “Quantum software”. In: Nature Insight.549.7671 (2017}, 171=2009,
L. Serafini (FBK) QA January 10,2018 3 /16



Quantum computing and Machine Learning2 :Rm(
BAUNO HESSLER

@ Machine learning — quantum systems

@ Quantum Systems — Machine Learning

2 Jacob Biamonte et al. "Quantum machine learning”. In: Nature 549.7671 (2017).
arXiv: 1611.09347.
L. Serafini (FBK) QAI January 10,2018 4/ 16



Quantum computing and Machine Learning? 'D(

BRUB SLER

@ Machine learning — quantum systems
» use machine learning techniques for analysing and simulating the
behavious of phisical quantum devices
» machine learning to tackle noise, tailor gates and develop core
quantum information processing building blocks.

@ Quantum Systems — Machine Learning

2 Jacob Biamonte et al. "Quantum machine learning”. In: Nature 549.7671 (2017).
arXiv: 1611.09347.
L. Serafini (FBK) QAI January 10,2018 4/ 16



Quantum computing and Machine Learning? 'D(

@ Machine learning — quantum systems

» use machine learning techniques for analysing and simulating the
behavious of phisical quantum devices

» machine learning to tackle noise, tailor gates and develop core
quantum information processing building blocks.

@ Quantum Systems — Machine Learning

» develop and tailor these quantum methods to apply to problems when
facing big data sets

» Adiabatic quantum optimization. Adiabatic quantum computing
relies on the idea of embedding a problem instance into a physical
system, such that the system's lowest energy

» Gibbs Sampling: developing a Gibbs state preparation and sampling
protocol, also with the objective of training deep belief networks.

?Jacob Biamonte et al. “Quantum machine learning”. In: Nature 549.7671 (2017).
arXiv: 1611.09347.

L. Serafini (FBK) QAI January 10, 2018 4/ 16



Qubits

@ Quantum mechanics tells us that any such system can exist in a
superposition of states.

@ In general, the state of a quantum bit (or qubit for short) is described
by:

al0) + B[1)

where, « and 8 are complex numbers, satisfying

|o?] + 8% =1

L. Serafini (FBK) QAI January 10, 2018 5 /16



Single gbit - intuitive visualization :Rﬂ(
(when « and § are real numbers)

@ A qubit may be visualised as a unit

- --na|0) + 5]1) vector on the plane.

OQfF-----
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Single gbit - intuitive visualization
(when « and 3 are real numbers)

@ A qubit may be visualised as a unit

- --na|0) + 5]1) vector on the plane.

e o2 and 32, can be seen as a

probability distribution of the two
“classical states” |0) and|1) (since
a®+ %2 =1and o?, % > 0;
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Measuring a gbit

@ gbit states are not directly observable;

2100 +4/310)



Measuring a gbit

@ gbit states are not directly observable;

@ The measuring of a gbit is a stochastic process;
@ In measuring «|0) + /5 |1), we obtain:

» |0) with probability ||?

» |1) with probability |32

measuring the gbit is like
random picking a ball
from a urne containing
red and blue balls;

210)++/211)

.



Measuring a gbit

gbit states are not directly observable;

The measuring of a gbit is a stochastic process;
In measuring « |0) 4+ 3 |1), we obtain:
» |0) with probability ||?
» |1) with probability |32
after the measure the gbit will go in the observed “classical” state.

measuring the gbit is like
random picking a ball
from a urne containing
red and blue balls; whith
the side effects the all
the balls becomes of the
same color of the picked

1[0) +0]|1) ball

L. Serafini (FBK) QAI January 10, 2018 7/ 16



Multiple Qbits super-positions

The superpositions of n gbits, is not just the product of the superpositions
of the single gbits. i.e., a set of gbits cannot be seen as a tuple of single
g-bits
gbit 1 gbit n
a1]0) + B1]1), ..., @n|0) + Ball)

but it is rather the entire tuple of gbits that can be in a super position i.e.,

1]0...00) + a2]0...01) + a3]0...10) + 4]0 .. 11) + ... ape|1...11)

with

2[1
> lofl=1
i=1

L. Serafini (FBK) QAI January 10, 2018 8/ 16



Quantum Computation 'D(

FONDAZIONE
BRUNO KESSLER

A quantum circuit is a sequence of unitary operations and measurements
on an n-qubit state.

Input State Uy Us Us

each U; is described by a 2" x 2" matrix.

L. Serafini (FBK) QAI January 10, 2018 9/16



Quantum evolutions

@ Causality Principle: the evolution of a quantum sistem is described by
some function U, that depends on time;

(1)) = U [6(0))

@ each U; produces a legal quantum state (i,e, ||[U; |@)|| = 1);

@ each U; is a linear transformation;

L. Serafini (FBK) QAI January 10, 2018 10 / 16
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Quantum gates - (examples)
FONDAZIONE
BRUNO KESSLER

Not Gate 0)
Phase Flip Gate [0) ©> |0)

Hadamard Gate [0) > 1(0) + (1)) [1)+3 £(/0) - [1))

L. Serafini (FBK) QAI January 10, 2018 11/ 16



The search problem

We want to search for some good item in an unordered N-element
search space

Model this as function

f:{0,1}" — {0,1}  with N =2";

F(x) = 1 |If x is a solution
1 0 Otherwise

Classically this takes O(N) steps (queries to f)
Grover's algorithm does it in O(v/N) steps

L. Serafini (FBK) QAI January 10, 2018 12 /16



The Grover algorithm for search

@ Define the following boolean gate:

Or(x) = (=1)"™ |x)

@ suppose that f(x,y) = =(—x V y), then
|00) —  |00)
0. l01) = o1
7 j10) » —[10)
[11) —  [11)

@ Let see how Of transform a gbit in superpositions:

Or( @1]00) +a201) +a3|10) +aq|11) )

o1 |00> “+ain |01> —Q3 |10> “+aug |11>

L. Serafini (FBK) QAI January 10, 2018 13 /16



Grover Algorithm

nq |0 G l:(: @ measure
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What Quantum Computing can do for Al

Quantum Al: The Next Frontier

DR. COLIN P. WILLIAMS

-'Im(:is:ra'ap APPLIED ARTIFICIAL INTELLIGENCE CONFERENCE 2017
L d05%

[

L. Serafini (FBK) QAI January 10, 2018
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