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for controlled quantum systems
surpassing classical ones. Please
suggest alternatives

1. Quantum supremacy - the concept

2. Photonics approach:

Boson Sampling

3. Integrated quantum photonics
4. Implementation of Boson Sampling

5. Perspectives




- Computational complexity classes -

The power of quantum computing

Salesman
problem

Can be transformed
efficiently in any
problem in NP

Efficiently checked by
classical computers

Bounded-error quantum
polynomial oime (BOQP)
Efficiently solved by
quantum computers

1} Problems strongly believed to be hard
classically but easy for quantum computers

2) Computational complexity theory: quantum
computer hard to simulate classically

Complexity

3) However power of quantum computing is
limited

Efficiently solved by classical

" . ; computers
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- The challenge of quantum computing .

1) Qubits must interact strongly with one another in order to elaborate
information

2) Qubits should not interact with the environment

3) We must have full control on the interaction between the qubits and full
measurement capability



- The challenge of quantum computing .

1) Qubits must interact strongly with one another in order to elaborate
information

2) Qubits should not interact with the environment

3) We must have full control on the interaction between the qubits and full
measurement capability

How to address noise?

Quantum error correction - several sophisticated schemes

Scalability possibile if errors below some thresholds

4

Very large overhead of the number of qubit and number of gates



— The challenge [

Can a quantum system be engineered to perform a computation in a large
enough computational Hilbert space and with a low enough error rate to
provide a quantum speedup?

Can we formulate a problem that is hard for a classical computer but easy
for a quantum computer’!




How to achieve
quantum supremacy?

John Preskill
@preskill

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



John Preskill
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qzmnt um s upremm_‘y 5? Proposed "quantum supremacy"”
for controlled quantum systems

surpassing classical ones. Please
suggest alternatives.

Nature Special Issue on “Quantum software”
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Quantum computational supremacy

Aram W, Harrow' & Ashley Montanaro’

dol:10.1038/nature23458
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bevond the capability of any classical computer, an event known as quantum supremacy . This would be easier to achieve
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The Extended Church-Turing Thesis

Everything feasibly computable in the physical world is feasibly
computable by a (probabilistic) Turing machine.

Nature Special Issue on “Quantum software”

REVIEW o

Quantum computational supremacy

Aram W, Harrow' & Ashley Montanaro’
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ae Extended Church-Turing Thesis
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Everything feasibly compuylabietmToeplysical world is feasibly
conghubert’c 0y a (brobabilistic) Turing macee

Not valid anymore

Nature Special Issue on “Quantum software”
REVIEW

dol:10.1038/nature2 3458

Quantum computational supremacy

Aram W, Harrow' & Ashley Montanaro’
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computer. A key milestone in this field will be when a universal quantum computer performs a computational task that is
bevond the capability of any classical computer, an event known as quantum supremacy . This would be easier to achieve

proposals to achieve quantum supremacy, nndhmvweunuﬂahnrmpmpuwﬂﬂachﬂkﬂmm
to the power of a quantum computer.
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because it is defined not in terms of a particular problem to

ﬁ s a goal, quantum supremacy' is unlike most algorithmic tasks | = ="~ I;t;“"'
be solved but in terms of what classical computers cannot do.

i

BAKE W SRUATIOR I STYIWIETNpRY, Wiicre Ve gouiis an onay e - BRntum eUipremacy” Tor
the aur.hnrized parties to perform some task, but to do so in a way that o .

restricts the capabilities of unauthorized parties. Understanding the fun- antum syslems
damental limitations of computation is the remit of the theory of com- gssical ones. Please
putational complexity’. A basic goal of this theory is to classify problems t

(such as integer factorization) into complexity classes (such as the famous [I_El IVES.
classes P and NP), and then to prove rigorously that these classes are
unequal. In the cases of both cryptography and quantum supremacy,
computational complexity theory is a very long way from being able to
prove the conjectured computational limitations unconditionally. Just as
we cannot yet prove that P = NP, we currently cannot unconditionally
prove that quantum mechanics cannot be simulated classically. Instead, dol:10.1038/nature 23458
claims of quantum supremacy will need to rely on assumptions based on
complexity theory, which in turn can be justified heuristically.
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Quantum supremacy:
How to device an experimental demonstration?

In order to achieve quantum supremacy/advantage the following key
ingredients are necessary:

1) To identify a computational problem whose complexity scales
exponentially with classical hardware but only polynomially when using quantum

devices

2) Classical benchmarking: to address this problem with the best classical
algorithm so as to find the threshold to be beaten for a claim of quantum advantage

3) Experimental implementation: to implement the quantum instance on a
system large enough to surpass the classical threshold

4) Validation: to develop suitable tools to validate the correctness of the output.



. Is quantum supremacy the right name? .

Readers respond

Mature | Vol576 | 12 December 2019 | 213

Correspondence
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Bax 2 Aigure | Example of an IQP circult. Betwasn two columns of
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| Amougn these dlagonal gates may act on the same qubit many times
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John Preskill
HO:H) to dckzeﬂe @ @preskill

quant unt s Hp?‘ﬁﬁidg} .‘.? Proposed "quantum supremacy"

for controlled quantum systems
surpassing classical ones. Please
suggest alternatives.

BOSON SAMPLING
propagation on m optical modes ‘

Input
n bosons

(Quantum advantage)

Sampling
output state

Can a classical computer efficiently simulate An No!
o swer: No!
the distribution of the output mode numbers?

Arkhipov and Aaronson, “The computational complexity of linear optics”,
Proceedings of the Royal Society (2011)



Boson Sampling

Sampling the output distribution (even approximately) of non-interacting bosons
evolving through a linear network is hard to do with classical resources

o S Uniformly drawn
n bosons S
m modes v °0
Whyr Transition amplitudes are related to the (T|Up|S) = Per(Us )
permanent of square matrices F el ettt bl
Input
0 I | 0 |

0 0.212 —0.018 + 0.165: | —0.238 — (.18 —0.429 +0.3%  —0.715+ 0.2
1] [=0.193 — 0.388 0045 = 6.370 | 0,10 # 00811 | 0.328 — 0.260: [ —0.804 +

1| =0.723 + 0.363: | 0.087 — 009 —0.070 0,155 0.200 + 0.443: | —0.158 — 0.1
|
()

agES, i=1
classicaly har

- =
Per(A) = Z H 4.0, g.

Z0.002 + 0.045 0,145 — 0,645 ~um+ﬁlﬁl —0.360 — 0.086: | 0,167 + 0025
0.318 — 0.000: —0.144 — 0,594 0.452 — 0405 0.037 + 0.387: | 0,071 + 0,025

5 Aaronson and A, Arkhipov, Proceedings of the 43rd Annual ACM Symposium on Theory of Computing, 333-342




Boson Sampling

— —

Experimental platform: photons in linear optical interferometers

Photons naturally solve the BosonSampling problem

Required resources: @ Single-photon inputs

3

.{ Multimode interferometers

n photons ~
m modes @ Detection
It

Hard to implements with bulk optics

I

Require a technological step
recently available due to integrated
photonics




Boson Sampling

mmpul :
1

B

) m modes (

. ik 4

photons

« Small-scale quantum computers made from an array of interconnected
waveguides on a glass chip can now perform a task that is considered hard to
undertake on a large scale by classical means. »

T. Ralph, News & Views, Nature Photonics 7, 514 (2013)



Integrated photonics:
Femtosecond laser writing

Laser writing technique for devices able to
transmit polarization qubits

>TFemtosecond pulse tightly focused in a glass

>(Combination of multiphoton absorption
and avalanche ionization induces permanent

transparent materials

>Waveguides are fabricated in the bulk of the
substrate by translation of the sample at
constant velocity with respect to the laser
beam, along the desired path.

N\
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Integrated
quantum photonics




Integrated
quantum photonics

- Single photon sources
- Manipulation

- Single photon detectors
ON THE SAME CHIP




- Femtosecond laser writing

3-dimensional
capabilities

Rapid device prototyping:

writing speed =4 cm/s
Propagation of circular
\ 1 / gaussian modes

Characteristics: L

/’I‘&-— 4 8 4 0 53 W 15
Imtensiy
_,_,_fmm Circular waveguide q
| transverse profile 3
[Low . <
birefringence iy : .
il

R. R. Gartrass and E. Mazur, Nat. Photon. 2, 219 (2008)
(i Della Valle, R. Osellame, and P. Laporta, [ Ops A4 11, 013001 (2009)



Femtosecond laser writing




Femtosecond laser writing
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Quantum logical gates _

F‘F‘?CE OUT,
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iIT, 1 PPDC1  PPDC3
Directional coupler Partially polarizing and logical gate
L. Sansoni et al., Phys. Rer Letz. (2010 L. Corrielli et al., Nat. Coman. 5, 2549 (2014);
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Quantum walk
.. Tunable waveplate
Anderson Localization

L. Sansoni et al., Phys. Ren. Lett. 108, 010502 (2012); : :
- A. Crespi et al., Nat. Comm. 2, 566 (2011
A. Crespi et al., Nat. Phaton. T, 322-328 (2013) respl et al, tak Somm (2011)



Reconfigurability of photonics chip _




Reconfigurable devices
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Programmable simulator Integrated source of entangled pairs
L. Pitsios, et al., Nat. Comm. 8, 1569 (2017) A. Atzeni et al., Optica 5, 311(2018)



3D-devices

Integrated tritter On chip quantum maze

N. Spagnolo, et al., Nat. Comm. 4, 1606 (2013); F. Caruso et al., Nat. Comeme. T, 11682 (2016)

Fast Fourier transform Sylvester interferometers

AL Crespa, et al.,, Nat Coman. 7, 10469 (2016) M. Vigganiello et al,, New Jowrnal Physics (2018)



Boson sampling experiment

www.3dquest.eu




' Experimental results with different chips .

a) 7-mode mterfercmeter 006 b) 9.mode interferometer
e 004 Iq:l'lll modes: {-1,5.5]

Input modes: (3.4,5) LE

01—
¢) 13-mode mterferometer
0.05 Input modes: (6,7.8)
E 1]
005 g
=
0.

(12 0) =
(1,24} 1
(11113

(AL 13)

N. Spagnolo, et al., Nature Photonics 8, 614 (2014)



State-of-art on Boson Sampling _

Reconfigurable circuits

o Nat. Cowmrin. T

Scattershot | . :
Boson Sampling ° ‘ff’*"f j"lg' 2016
el RE o015
* Science 339 | Bright-source
. Nt o - Boson Sampling
o il Photss T e Pk based on Quantum Dot

|s  Nat Photon, 8

2013

Boson Sampling: the concept
Aaronson & Arkhipov (2011)




-Last contribution from China..-

PHYSICAL REVIEW LETTERS 123, 250503 (2019)

Boson Sampling with 20 Input Photons and a 60-Mode Interferometer
in a 10'¥-Dimensional Hilbert Space

Pan’s group in Hefei/Shangai
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' A global perspective on Boson Sampling .

( TARGETS: )
More photons

More optical modes

Alternative schemes J

Technological challenges:
- Single photon sources %
- Manipulation on a chip

- Large arrays of single photon detectors

Open questions:
- Variant schemes
- To exploit it within hybrid algorithms|
- How to increase the complexity?

- How notse and imperfections atfect the
hardness claim?

- How fo certify the well functioning of Boson
Sampling?




- Variants of Boson Sampling _

Standard Boson Scattershot Boson Gaussian Boson
Sampling Sampling Sampling

u

Linear unitary transformation

00

Increasing sample rate
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Quantum computational advantage using photons
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Gaussian Boson Sampling

Hybrid
encoding

INPUT GENERATION

Squeezing sources

Boson Sampling
Input: single-photon states

l .....'..."

Polarization
interferometer

Sampling: matrix Permanents

LINEAR EVOLUTION

Gaussian Boson Sampling
Input: single-mode squeezed vacuum states

L
. " . . I ' . Superconducting

nanowire
' — ingle-phot
Y1 1 1 1 @ X e

Sampling: matrix Hafnians

F. Sciarrino, and N. Spagnolo, "The race towards quantum computational advantage: milestone photonic experiment”, Science Bulletin (2021)



Phase-locked setup
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Up to 76 output photon-clicks
- Output state dimension ~10730

H

Sampling rate that is ~10714 faster
Than using the state-of-the-art simulation
strategy and supercomputers
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Boson Sampling:
hard problem with

classical computer

but may be

very hard also
to validate /certify!

We need to develop different
methodologies to validate /certify
the output



- Validation: hierarchy of tests
Physical approach Computational approach

‘ In fﬁ‘fﬁ‘f?ﬁfﬁ" i 5{1”'51"1"" an N. Spagnolo, et al., Nar. Photon. 8,
in ordered structure inference 615 (2014)
. j Carolan, et al., Nat. Photon, 8,

Crespi, et al.,

Nat. Commun. 7, 10469 (2016) "

621 (2014)

Sylve 08 1
P 1 - oSt i e Bosan sarmpler .
Statistical signature i, § o i 06 - M. Bentivegna, et al,
of ﬁ!ﬂﬁ]’—f’llﬂﬂ'rj’ quﬂmfﬂ srﬁ‘w}‘ffﬂwﬂ’ a¥ o4 [JET12, 1560028 (2014)
_ﬁ-‘; nulated bosi 0.2
=-1.0: 0.0 i Bubble Bubbile
2 15 Giordani, et al., SRR AN
% _20. Natwre Photonser 12,173 -
g (2018) ¢
2 25 .
> anks ;,- Pattern —
- 5—;11.' ST 10 09 <08 07 06 classifications el T aee
CV
— . . . . Apresn et al, Physicad Rervewr X9, 011013 (201°
Witnessing multi photon interference ¢ 7 o
. B . Neural networks
[ S Brod, et al. :
ot | R SR Machine
.f'-“:\,,.; | Figw. Bem, Latt. 122, 063602 Flamini, et al., O5T (2019) .
2 = 2019) learning
techniques
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Stringent assessment

Efficient certification



‘Va]idation: pattern recognition techniques _

First Goal: to benchmark boson sampling versus trusted boson samplers
or other fake measured distributions

Techniques inspired by pattern recognition: hierarchical clustering
k-means clustering

Sample |
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B Microsoft
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I. Agresti, N. Viggianiello, F. Flamini, N. Spagnolo, A. Crespi, R. Osellame, N. Wiebe, and F Sciarrino,
“Pattern recognition techniques for Boson Sampling validation”, Physical Review X9, 011013 (2019)



‘Quantum Supremacy: reported by Google.. '

"N 3 *:,x:x
,.x’ *.

_.-: ’x"":é 4

-' Adjstabls coupler

Article | Published: 23 October 2019

Quantum supremacy using a
programmable superconducting
processor

L

Frank Arute, Kunal Arya, [...] John M. Martinis ~]

Nature 574, 505 (2019)



i Google approach: -

random quantum circuits

BOX 2

Random quantum circuits_

~_one-qubit gate

two-qubit gates

Llllhil' measurement

Box 2 Figure | Example of an IQP circuit. Between two columns of
Hadamard gates (H) is a collection of diagonal gates (T and controlled-v/2).
Although these diagonal gates may act on the same qubit many times

they all commute, so in principle could be applied simultaneously.

Random quantum circuits

o 2
4
0y — H - 2 z% T H HL—A
0} — H 2% HHz H A
L
0} — H l - z T H A

No symmetry to simplity
classical simulation

I) To entangle a set of qubits by repeated application of single-qubit

and two-qubit logical gates (» cycles).

IT) Sampling the quantum circuit’s output produces a set
of bitstrings, for example {0000101, 1011100, ...}



Google approach:
random quantum circuits

sequence of one-qubit gates
and two-qubit gates

BOX 2
Random quantum circuits
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Box 2 Figure | Example of an IQP circuif. Between two columns of
Hadamard gates (H) is a collection of diagonal gates (T and controlled-/ )
Although these disgonal gates may act an the same gubit many times
ey Al oormmudte, 50 m preinciphe cowle be appled simultaneoushy,
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- Why is these experiments are significant? .

COMPUTER SCIENCE A
The extended Church—Turing thests asserts that any ‘reasonable’ model of computation
can be efficiently simulated by a Turing machine.
These experiments suggests that finally the quantum computation
L violates this assertion. )
( Y
PHYSICS
Quantum works for complex systems: : no additional decoherence physics
observed when increasing the number of qubits
g Capability to handle a huge Hilbert space y
( h
QUANTUM ENGINEERING
Development of large guantum hardware with high performances
Possibility to implement quantum error correction - no unexpected
L limitation on the scaling P




Boson Sampling:
potential applications

For proving quantum ﬂdvaﬂtﬂg{f For Hnlviﬂg Cnmputﬂtir.}nal prnblemﬁ

REFOET

Quantum computational advantage using photons PHYSICAL REVIEW A 98, (32310 (016)
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For quantum simulation
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Fortress of Fault

Tolerance

Magic Moat of
Error Correction

o4 W
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QUANTUM LAB
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