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QUANTUM OPTICS: A BENCHMARK FOR
FOUNDATIONS OF QUANTUM MECHANICS
AND QUANTUM TECHNOLOGIES

- Test on the foundations of quantum mechanics «  |Politecnico | cme

- Quantum cryptography and communication (ﬁ:] di Milano l@
- Quantum computing i n IEN \"\ﬁ-,.,‘?;
- Quantum interferometry, metrology and sensing CNR ——

Limitations of experiments
with bulk optics:

- Scalability
- Large physical size
- Low stability
- Costs...

Integrated photonic circuits:
Laser writing technique
- Femtosecond pulse tightly focused
in a glass
- Waveguides writing by translation
waveguide technology of the sample

Solution: Integrated




Integrated photonic
quantum simulations
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Integrated photonics:
Femtosecond laser writing

Laser writing technique for devices able to
transmit polarization qubits

>Femtosecond pulse tightly focused in a glass

>(Combination of multiphoton absorption
and avalanche ionization induces permanent
and localized refractive index increase in
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.




Femtosecond laser writing




N Fercosccond laser writing |

3-dimensional
capabilities

Rapid device prototyping:
writing speed =4 cm/s
Propagation of circular
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R. R. Gattass and E. Mazur, Nat. Photon. 2, 219 (2008).
G. Della Valle, R. Osellame, and P. Laporta, J. Opt. A 11, 013001 (2009).




Integrated beam splitter |

L: interaction region

the coupling of the modes occurs
also in the curved parts of the two
waveguides

A
|BA 1. Sansoni et 4l Phys. Ren. Lett. 105, 200503 (2010) 4



Integrated beam splitter |

Indistinguishable photons:
Bosonic coalescence
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Integrated beam splitter |

Indistinguishable photons:
Bosonic coalescence
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Directional coupler Partially polarizing and logical gate
L. Sansoni et al., Phys. Rev. Lett. 105, 200503 (2010) A. Crespi et al., Nat. Comm. 2, 566 (2011)
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Quantum walk and Anderson Tunable waveplate
Localization

L. Corrielli et al., Nat. Comm. 5, 2549 (2014)

L. Sansoni et al., Phys. Rev. Lett. 108, 010502 (2012)
A. Crespi et al., Nat. Photon. 7, 322-328 (2013)
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HoOow TO ACHIEVE . j f
' Proposed "quantum supremacy" for
QUANTUM . controlled quantum systems
SUPREMACY ?? . surpassing classical ones. Please

suanest alternatives.




Spreskill

¥ John Preskill '8 Segui
How TO ACHIEVE f‘ P . ¢
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controlled quantum systems

SUPREMACY ?? surpassing classical ones. Please

siianest alternatives. = ,

BOSON SAMPLING
propagation on the chip with m modes ‘

Input:
n bosons

Output:
n-photon state

Can a classical computer efficiently simulate
. If
the distribution of the output mode numbers ? Answer: NO!!

Arkhipov and Aaronson, The Computational Complexity of Linear Optics Proceedings of the Royal Society (2011)
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HOW TO ACHIEVE
Proposed "quantum supremacy" for

QUANTUM controlled quantum systems
SUPREMACY ?? surpassing classical ones. Please ;

siianest alternatives.

BOSON SAMPLING

The Extended Church-Turing (ECT) Thesis
Can we experimentally

Everything feasibly computable in the physical world is g . .
: } ; ”»
feasibly computable by a (probabilistic) Turing machine. dlSprOOf the ECT thesis ?

W ——— =35 .
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n-photon state

n bosons

N ”~

Can a classical computer efficiently simulate
. [/
the distribution of the output mode numbers ? Answer: NO!!

Arkhipov and Aaronson, The Computational Complexity of Linear Optics Proceedings of the Royal Society (2011)
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Sampling the output distribution (even approximately) of non-
interacting bosons evolving through a linear network is hard to do
with classical resources

Boson Sampling

Q0

—» Uniformly drawn
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Whyv? Transition amplitudes are related Per(Us. 1)
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S. Aaronson and A. Arkhipov, Proceedings of the 43rd Annual ACM Symposium on
Theorv of Computing, 333-342
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Photons naturally solve the BosonSampling problem

—

Experimental platform: photons in linear optical interferometers

Boson Sampling

Required resources: @ Single-photon inputs
.(Multimode interferometers)

n photons
m modes / Detection
Input

Hard to implements with bulk
optics

J

Require a technological step
recently available due to
integrated photonics
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Integrated multimode interferometers with
arbitrary designs for photonic boson sampling
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Experimental boson sampling
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THE SOLUTION:
INTEGRATED PHOTONICS

r

beam-splitter phase shift

B £

Input

Laser writing technology:
unique capability to transmit any polarization state

- Femtosecond pulse tightly focused in a glass
- Waveguides writing by translation of the sample



Boson Sampling

mput ouipul
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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)



Boson Sampling: chip

Requirement for Boson Sampling - n:> Requires independent control of
design arbitrary interferometers

phases and beam-splitter operation

Fabrication process
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Reck, et al., PRL 73, 58 (1994)



Boson Sampling: chip

Requirement for Boson Sampling - n:> Requires independent control of

design arbitrary interferometers phases and beam-splitter operation




- Boson Sampling in a | 3-mode device _

/ \_

4

Polarizing Avalanche
beam-splitter photodiode

Half | o Polarization
alf waveplate controller

Interference
filter
BBO, type Il ‘

Integrated

Three-photon . . trner

sfale source

A. Crespi, R. Osellame, R. Ramponi, D. J. Brod, E. F. Galvao, N. Spagnolo, C. Vitelli, E. Maiorino, P.
Mataloni, F. Sciarrino, Integrated multimode interferometers with arbitrary designs for photonic boson
sampling, Nature Photonics 7, 545 (2013).
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Boson Sampling in a 7 and 9-mode device

0.06 b) 9-mode interferometer
0.04} Input modes: (4,5.6)

0.1
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— i output modes g

c¢) 13-mode interferometer
Input modes: (6,7.8)

0 iy

(123)
(124) [

(1,1215)

(10,1213)

N. Spagnolo, C. Vitelli, M. Bentivegna, D. J. Brod, A. Crespi, F. Flamini, S. Giacomini, G. Milani, R.
Ramponi, P. Mataloni, R. Osellame, E. F. Galvao, and F. Sciarrino, Nature Photonics 8, 614 (2014)

Similar experiment in Bristol: J. Carolan, et al., Nature Photonics 8, 619 (2014)



- Boson Sampling in a | 3-mode device _

" i =
Input: (6,7,8) e e 2 Output: 286 different
* v v v - v
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N. Spagnolo, C. Vitelli, M. Bentivegna, D. J. Brod, A. Crespi, F. Flamini, S. Giacomini, G. Milani, R.
Ramponi, P. Mataloni, R. Osellame, E. F. Galvao, and F. Sciarrino, Nature Photonics 8, 614 (2014)
Similar experiment in Bristol: J. Carolan, et al., Nature Photonics 8, 619 (2014)



- Boson Sampling in a | 3-mode device _
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N. Spagnolo, C. Vitelli, M. Bentivegna, D. J. Brod, A. Crespi, F. Flamini, S. Giacomini, G. Milani, R.
Ramponi, P. Mataloni, R. Osellame, E. F. Galvao, and F. Sciarrino, Nature Photonics 8, 614 (2014)
Similar experiment in Bristol: J. Carolan, et al., Nature Photonics 8, 619 (2014)



- Validation of the Boson Sampling output .

U 101,004, 0,0,0>
Boson Sampling: \L /
hard problem with classical | Caesar
computer |

but may be very hard also to —
validate/certify! s o asene

We need to de.velop different Validation against the uniform
methodologies to validate/ . distribution

certify the output 1000

sool Boson Sampler

500 1000 1500 Neouss

-500F Uniform Sampler

~——_

—

N. Spagnolo, C. Vitelli, M. Bentivegna, D. J. Brod, A. Crespi, F. Flamini, S. Giacomini, G. Milani, R.
Ramponi, P. Mataloni, R. Osellame, E. F. Galvao, and F. Sciarrino, Nature Photonics 8, 614 (2014)
Similar experiment in Bristol: J. Carolan, et al., Nature Photonics 8, 619 (2014)



‘ Validation of Boson Sampling

Conclusions — What Next?

» Row Norm Estimator can efficiently validate against trivial
distributions

» The validation test works even if
low n,m case

experimental imperfections

» Efficient validation against distributions which do make use of
information about U is still unexplored

New proposals: - Stringent and efficient assessment of Boson-Sampling devices
M. Tichy, K. Mayer, A. Buchleitner, K. Mglmer, PRL 113, 020502 (2014)
- Photon clouding with ordered quantum walk
J. Carolan, et al., arxiv:1311.2913



‘ Quantum certification via Fourier Transform .

Fraction of forbidden non-cyclic output states

Distinguishable (D)

Cyclic input Mean Field Sampler (MF)
yclic in

./

Unitary transformation

Fou 1 i2rlq
l.q — \/TI_I €
Injection of cyclic input states Quantum suppression law
Forn =2 and m = 8 there are 4 :
. .. .. . Suppression of all output non-
possible (collision-free) cyclic inputs: i '
(1,0,0,0,1,0,0,0), (0,1,0,0,0,1,0,0), cyclic output states:

(0,0,1,0,0,0,1,0), (0,0,0,1,0,0,0,1)



Implementation of Fast Fourier Transtorm
Wlth 3D-1ntegrated photonlcs

4 modes o 8 modes 10—05 : E E i1

. O3 . : 2!
Fast Fourier . , 3 7r/2 Fast Fourier 20—06!7: 7/2 ; I I : “//4 \ \6
Transform 2 G Transform 3 4 lls j8: =/ 3 8 3r /4 3\ \

Scalable approach for the implementation of fast Fourier transform
using 3-D photonic integrated interferometers
fabricated via femtosecond laser writing technique.

Crespi, Osellame, Ramponi, Bentivegna, Flamini, Spagnolo, Viggianiello, Innocenti, Mataloni, and Sciarrino
Quantum suppression law in a 3-D photonic chip implementing the Fast Fourier Transform, arXiv:1508.0078



Quantum certification of Boson Sampling
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16 suppressed states over 28 output states

Quantum suppression of a large number of output states

with 4- and 8- mode optical circuits: the experimental results demonstrate
genuine quantum interference between the injected photons




First experimental results with integrated photonics :

nature LETTERS pp——
' | photonics G s e [ = Y Y
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The Extended Church-Turing (ECT) Thesis ~— !
Everything feasibly computable in the physical world is . i
~ feasibly computable by a (probabilistic) Turing machine.

GOAL: to achieve Boson Sampling with
n=10-20 photons and m=100-200 modes

Can we experimentally
disproof the ECT thesis ?

Open questions: Challenges
- How to increase the complexity of Boson sampling ?
- Does 1t exist simpler experimental schemes achieving a similar goal? - Single photon sources

- How to certify the well-functioning of boson-sampling experiment? - Manipulation on a chip
. How realistic noise and imperfections affect the hardness claim? - Single photon detectors



- Scattershot Boson Sampling
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Generalization of Boson
m heralded single photon sources S amp]ing problem with
computational complexity

Unitary

Corresponds to sampling both from
U the input and the output modes

Potential huge increase
of the brightness of the quantum
hardware
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- Integrated quantum simulations...next steps _

ADDING THE THIRD DIMENSION...

Tritter Tetrater
Hong-Ou-Mandel
coalescence of
three photons
r Simulating bosons, fermions... ' e Hm: A
W) = J5(IH)alV)B + €%|V)A|H)p) ===
E 4 " [ ) "] . of | ) =% -
u 2 * P Ny 2 <\ with multl-c}up approach —— )
[ Higher dimensionality Z,D QU hq> ( Adding interaction... )
for quantum walk... /3D-QUESTY
. | mrreeduIENT
o - = — anmllary
o E e photons and modes
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