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Intro : CV quantum optics & information
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Multimode optics
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Light propagates

with different polarizations ]j *M 57—;:

—

with different spatial shapes » 58 IR iy

TEM,, TEM,, TEM,, TEM;,

with different spectral-temporal shapes —\

C.Fabre & N. Treps Modes and states in quantum optics, Rev. Mod. Phys. 92, 35005 (2020)
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\ \ optics

Light propagates

with different polarizations ]j *M

with different spatial shapes .

TEM,,

with different spectral-temporal shapes

:> each mode of light can be described by a
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harmonic oscillator H=— +mw"—
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\ \ guantum optics
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\ \ guantum optics
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\ \ guantum optics
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Discrete variables description ﬁ Continuous variables description
Wi(q,p)
Fock Coherent Thermal Fock Coherent Thermal

Fully equivalent (sometimes one is more practical than the other..)
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Choice of Homodyne Detection A\

Experimental measurement of quadratures < // \\\>
y
N
ESL
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Continuous variables description!

v

: W(q,p)
Signal beam :‘;\\‘/ :3::\{
Local Oscillator - \ »
Fock Coherent Thermal

Room temperature!
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\ \ Information

Discrete variables encoding Continuous variables encoding

0100011101 (x,} € R
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Discrete variables encoding Continuous variables encoding
0100011101 {x;} € R
) superposition
v 0l0) + ]1) e [ r@s

entanglement: quantum correlations

1
| ¢)=E(I0)s|1>1 + [1)s10),) ‘w) ~ 5((};‘3 — qz’)ﬂs('}?s —I_pg')



\Quantum Information
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Discrete variables encoding Continuous variables encoding

0100011101 (x,} € R

superposition

ly)= «|0) + 5[1) | ¥)= /f(:r.)|:r)d;r
entanglement: quantum correlations

1
| ¢>=ﬁ(|0>5|1>1 + [1)s10),) ‘w) ~ 5(1;73 — qi)f—?('ps —I_pg')

Quantum technologies based on CV encoding
and measurement via homodyne!

CV guantum communication ( ex. E. Diamanti)
CV quantum metrology ( ex. N. Treps)
CV quantum computing



\Photonics: entangled networks

LKB

Discrete variables encoding Continuous variables encoding

entanglement: quantum correlations

1
| ¢)=E(I0)s|1>1 + [1)s10),) w) ~ 5((};‘3 — qi)ti?('ps —I_pg')

Photons Modes of the field
Qubits Qumodes



\Photonics: entangled networks

LKB

Discrete variables encoding Continuous variables encoding

U. Andersen group, A. Furusawa, O. Pfister,
our group,

QUANDELA @ XANADU

See class and seminar of G. Rempe - 03 February !

P. Senellart group, ...

entanglement: quantum correlations

1
| ¥ >:ﬁ(|0>5|1>1 + [1)s10),) 'tﬁ)) ~ 5((13 — Qi)ﬂs('}?s + pi)

Photons Modes of the field
Qubits Qumodes
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Continuous variables encoding

Quantum technologies based on CV encoding
and measurement via homodyne!

CV quantum communication
CV quantum computing

‘W) ~ 0(qs — q:)0(ps + pi)

Modes of the field
Qumodes
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Photonic quantum computing

Continuous Variable cluster states for
measurement-based protocols

Quantum Reservoir Computing

Quantum communication networks

Multiparty quantum protocols and routing

Simulating and probing complex quantum
structure

Simulating quantum environment, open quantum systems
guantum thermodynamics

Probing non-Gaussian features

Continuous variables encoding

Quantum technologies based on CV encoding
and measurement via homodyne!

CV quantum communication
CV quantum computing

‘W) ~ 0(qs — q:)0(ps + pi)

Modes of the field
Qumodes
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Building CV entangled newtorks
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\ \Squeezing: building block of CV entangled states

p [ squeezed state of light




\ \Squeezing: building block of CV entangled states

vacuum

p /M\/,-__» Aﬁ [;o =4 A% :&P - A

squeezed state of light

q
A@}Q@:i Aﬁ(i Lp>1



\Squeezing: building block of CV entangled states
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A

squeezed state of light

\ i /' q
T Vacuum
Homodyne Detection
Squeezing
E
Signal beam 9 -
Breitenbach et al., Nature (1997)

Local Oscillator

Squeezing = measured noise smaller than the

G(0) = gcos(0) + psin(H) vacuum noise

Squeezing usually expressed in dB



\Squeezing: building block of CV entangled states

LKB

A

Signal beam

Local Oscillator

squeezed state of light

Vacuum

Squeezing

~
T

Breitenbach et al., Nature (1997) H

LKB - > pioneer in the generation and measurement of
squeezing ( C. Fabre, E. Giacobino, A. Heidmann,..)

qA(Q) =g COS(Q) +p Sin(ﬁ) P.-F. Cohadon

Squeezed state of light used to improve sensitivity
In gravitational wave detectors ( LIGO-VIRGO)



\ \Squeezing: building block of CV entangled states
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Generation: Spontaneous parametric down conversion process

Degenerate case
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\ \Two nodes of the petwork
LKB p

p 774 B
. q
71
{ } >
\L7 q Simultaneous homodyne
N 1)) ~ 6(qs — qi)0(ps + p;)  measurement of either g or p
p on both outputs !
’ L p
\\ —/' q
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\Two nodes of the petwork

LKB p
p VN
l, = > " q
N = q
3 ‘W) ~ 5(‘?3 — Qi)(s(ps +pz’)

Two-mode squeezed vacuum
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\ \Two nodes of the network
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\Two nodes of the network

LKB
Generation: Spontaneous parametric down conversion process
Non- Degenerate case
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Building a large network : spatial modes
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\Building a large network : spectral modes

LKB L :
Deterministic implementation

........ F 4‘_> in |
q

¥

Measurement
basis=
Linear optics
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femtosecond pulsed laser
large spectrum
SHG of 800 nm source
RR 80MHz, pulse <100fs

H=ihY L_pna ,af +ne

N. Treps

IZ‘Zti. Y Cai, J Roslund, G Ferrini, F Arzani, X Xu, C Fabre,
ho oq e N Treps Nature Communications 8, (2017)
deteCt'yne
Ion
\ . . 5
Hi=K Y N (31) + he



\Building a large network : spectral modes

LKB Mode-selective homodyne detection

Any spectral mode, or any superposition of modes




\Building a large network: spectral & time modes
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Time-bin modes
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\ \Building a large network: spectral & time modes

Time-bin modes

o ?T o ?T ]
o Jﬂo. Yo 4'0, %o ts ty t3 ta ty
’T%mm.% |
¥ AL ™~ | g
. ?% SEARENCE A ll il Al ’
P A N A el W
i o %T o G$I : 4 Different optical w ‘W W w ‘W
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Hermite-Gauss | Sqz ASqz [ Sqz ‘ ASqz Flat modes Sqz ASqz
0 e N -1.03 1.39 6 1)\ -0.73 1.45 0 -2.66 6.99
Tlme-bln mOdeS 1 ; -0.68 131 7 ‘1 k -0.74 1.27 1 -2.43 6.49
PPKTP g 2 4\ -0.62 1.16 8 ﬁ & -0.54 1.16 2 -2.32 6.83
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| \ 4 | 1A d i
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J-» T. Kouadou, F. Sansavini, M. Ansquer, J. Henaff, N. Treps, V. Parigi,, APL
LA A L Photonics 8, 086113 (2023)
Frequency V. Roman-Rodriguez, D. Fainsin, G. L. Zanin, N. Treps, E. Diamanti, and V.

modes Parigi Physical Review Research 6, 043113 (2024




\Building a large network: spectral & time modes
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PPKTP
“ Three-dimensional structure!
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Building block
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Photonic entangled newtorks for guantum
Information protocols
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Photonic quantum computing

A proposal for a fault-tolerant optical implementation

¢ O
- - - -
e P o )

Classical control
- o Multiplexed GBS
Photonic GKP er‘ror Qubit e.rror state generation,
QPU correction correction d
(Inner decoder) | | (Outer decoder) compute module

Bourassa J. E. et al. Blueprint for a Scalable Photonic Fault-
Tolerant Quantum Computer, Quantum 5, 392 (2021)




LKB

\ \CV —photonic quantum computing

Photonic quantum computing

A proposal for a fault-tolerant optical implementation

= Deterministic room-tem.perature generation of < < = -
large number of Gaussian entangled states : > >

W. Asavanant et al.

: M. V. Larsen et al.
Science 366, 373 ) !
Science 366, 369 (2019).

(2019).
XANADU Classical control
- - Multiplexed GBS
Photonic GKP er‘ror Qubit error state generation,
QPU correction correction compute module
Inner decoder Quter decoder
L. S. Madsen et al. ( (L )

Nature 606, 75 (2022)

Bourassa J. E. et al. Blueprint for a Scalable Photonic Fault-
Tolerant Quantum Computer, Quantum 5, 392 (2021)
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Squeezed lights —» Square-shaped cluster states —» 2-dimensional cluster state LO
A

W. Asavanant et al.
Science 366, 373
(2019).

M. V. Larsen et al.,
Science 366, 369 (2019).



\CV —photonic quantum computing

LKB

Photonic quantum computing

A proposal for a fault-tolerant optical implementation

= Deterministic room-temperature generation of
large number of Gaussian entangled states

= Probabilistic cryogenic generation of non-Gaussian
GKP for error correction

microwaves optics @ XANADU

GKP a [foto1o01o01010101

1(d) ]
. 2,,=0620.02d8
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Prob(q)
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M
et
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W
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o

-4 Classical control -
5 . hd . . . Multiplexed GBS
Rela] . /S o Photonic GKP error Qubit error state generation,
a QPU correction correction i dul
(Inner decoder) | | (Outer decoder) compute modtile

Qubit and radout (9
=

M. Kudra et al. PRX
QUANTUM 3,
030301 (2022)

Bourassa J. E. et al. Blueprint for a Scalable Photonic Fault-
Tolerant Quantum Computer, Quantum 5, 392 (2021)
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Photonic quantum computing

A proposal for a fault-tolerant optical implementation

NISQ protocols T
(Noisy intermidiate scale quantum protocols) < e =<

Y

Classical control
. - Multiplexed GBS
Photonic GKP er‘ror Qubit e.rror state generation,
QPU correction correction dul
(Inner decoder) | | (Outer decoder) compute module

Bourassa J. E. et al. Blueprint for a Scalable Photonic Fault-
Tolerant Quantum Computer, Quantum 5, 392 (2021)
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Photonic quantum computing

UNIT OF
XCELLEN:

Collaboration with ? |F| S @CS:

A proposal for a fault-tolerant optical implementation
R. Zambrini

NISQ protocols
Quantum reservoir Computing

J. Nokkala, R. Martinez-Pefia, G. L. Giorgi, V. Parigi, M. C Soriano,
R. Zambrini, Communications Physics volume 4, Article number:
53 (2021)

J Henaff, M Ansquer, MC Soriano, R Zambrini, N Treps, V Parigi
arXiv:2401.14073 (2024), Optics Lett. Optics Letters 49, 2097

Classical control
(2024) : ‘ Multiplexed GBS
) . N o . Photonic GKP er‘ror Qublterror state generation,
J Garcia-Beni, | Paparelle, V Parigi, GL Giorgi, MC Soriano, R QPU correction correction compute module
Zambrini, EPJ Quantum Technology 12 (1), 1-14 (2025) (Inner decoder) | | (Quter decoder) P

I. Paparelle, J. Henaff, J. Garcia-Beni, E. Gillet, D. Montesinos, G.
L. Giorgi, M. C Soriano, R. Zambrini, V. Parigi arXiv:2506.07279

Bourassa J. E. et al. Blueprint for a Scalable Photonic Fault-
(2025), Accepted Nature Photonics

Tolerant Quantum Computer, Quantum 5, 392 (2021)
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RC universal = when it can approximate any so-called fading memory
function (continuous function of a finite number of past inputs)

xXr = T(Xk—1,Sk)
O = h(xkja

Netwok, fixed, not trained = reservoir

only connections leading to the final output layer
are trained ( linear regression)

Temporal task, like time-series forecasting

J. Nokkala, R. Martinez-Pefia, G. L. Giorgi, V. Parigi, M. C Soriano, R. Zambrini, Gaussian states of continuous-variable
quantum systems provide universal and versatile reservoir computing Communications Physics volume 4, 53 (2021)



\Reservoir computing via guantum states

LKB

Multimode Gaussian resources
+

Continuous Variable measurements

RC universal = when it can approximate any so-called fading memory
function (continuous function of a finite number of past inputs)

quantum harmonic oscillators

Xt = I (Xr—1,sk)
O = h (Ik ]1

Netwok, fixéd, not trained = reservoir o c

only connections leading to the final output layer \ﬁ- . % P Nth
are trained ( linear regression) q,

et arg(a ) q W
Temporal task, like time-series forecasting

coherent states squeezed states thermal states

J. Nokkala, R. Martinez-Pefia, G. L. Giorgi, V. Parigi, M. C Soriano, R. Zambrini, Gaussian states of continuous-variable
quantum systems provide universal and versatile reservoir computing Communications Physics volume 4, 53 (2021)




\Reservoir computing via guantum states

LKB

Multimode Gaussian resources
+

Continuous Variable measurements

RC universal = when it can approximate any so-called fading memory
function (continuous function of a finite number of past inputs)

quantum harmonic oscillators

a Capacity squeezed states

S = 100¢

s0f coherent states
10
5_

s 2
s’.s( ,Z) — Z 3

k %k 0.5

echo state network (ESN) thermal states

Degree
B 7+
H6
HS5
o4
3
m2
[
HO
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é ; é o4 ﬂ\QUADRATURECHOICE

I. Paparelle, J. Henaff, ). Garcia-Beni, E. Gillet, D. Montesinos, G. L. Giorgi, M. C Soriano, R. Zambrini, V. Parigi arXiv arXiv:2506.07279 (2025)

l

MEASUREMENT BASIS CHOICE
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LO SPECTRAL
SHAPING

ol B

I

r tailor URy

[H(pu(ﬂpﬂf))lu =1 ] [ HpolAe 4)); U J

Set of squeezed modes Entangled network 1

Choice of netwok
(entanglement structure)

1@

& A % = / i \\%5\

SHG A
FEMTO L PDC e
PULSED b | E
HASER >~ LO SPECTRAL — l
SHAPING
A\ \ ‘ HD
% AN E AN AN =
é i é A% ﬁ\QUADRATURE CHOICE
l MEASUREMENT BASIS CHOICE

I. Paparelle, J. Henaff, ). Garcia-Beni, E. Gillet, D. Montesinos, G. L. Giorgi, M. C Soriano, R. Zambrini, V. Parigi arXiv:2506.07279 (2025) Accepted Nature Photonics
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\Experimental CV quantum

Covariance Matrix

LO SPECTRAL
SHAPING

ol
A&
TS
r’taiﬁarUﬁ
[H(m(ﬂdu):u:: J [ H(po(As, 40); U ]

Entangled network 1

~ " of squeezed modes

x®

PDC -
4 b

T
Sy o(H( )Su
I\ o)
SHG
FEMTO L
PULSED 3
HASER - LO SPECTRAL

SHAPING

AN AN\

&
QUADRATURE CHOICE

b, 4

MEASUREMENT BASIS CHOICE

I. Paparelle, J. Henaff, J.

Garcia-Beni, E. Gillet, D. Montesinos, G. L. Giorgi, M. C Soriano, R. Zambrini, V. Parigi arXiv:2506.07279 (2025) Accepted Nature Photonics
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PUMP SPECTRAL
SHAPING

LO SPECTRAL
SHAPING

ol

|

r tait)r [} r tailzr P
[H(mmn):ua ] [ Hipo(As, A)): U ] [ Hipy (s, 2)); U ]

Covariance Matrix

pump
\[ ~ " of squeezed modes Entangled network 1 Entangled network 2

T

Sy” o(H(p( ) Sy
\
PUMP SPECTRAL
SHAPING
A T, A
Dy

i U
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HD

SHAPING

] 3 (A
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MEASUREMENT BASIS CHOICE

e [T ]

I. Paparelle, J. Henaff, ). Garcia-Beni, E. Gillet, D. Montesinos, G. L. Giorgi, M. C Soriano, R. Zambrini, V. Parigi arXiv:2506.07279 (2025) Accepted Nature Photonics
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\ \Experimental CV quantum Reservoir Computing

L0 SPECTRAL PUMP SPECTRAL
SHAPING

Experimental memory control in continuous variable E
optical quantum reservoir computing A - A &

Iris Paparelle,' Johan Henaff,' Jorge Garcia-Beni,> Emilie Gillet,' Daniel Montesinos,?

Gian Luca Giorgi,” Miguel C. Soriano,” Roberta Zambrini,> and Valentina Parigi' |’

r tailor URy r tailzr ra
[H(pMMg):u:l ] [ Hipo(As, A)): U ] [ Hipy (s, 2)); U J

Covariance Matrix

pump
= " of squeezed modes Entangled network 1 Entangled network 2
Sy" o(H 0% M) s
v o(H(p(sk, )) Su
AN
(b)
PUMP SPECTRAL
SHAPING 1)
A < E D A 5 Mo~
JAY : A N L
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SHG EOM
FEMTO
PULSED
HASER g LO SPECTRAL
SHAPING
A 2 A \ HD
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é N é A ﬁ\QUADRATURECHOlCE
‘ MEASUREMENT BASIS CHOICE

I. Paparelle, J. Henaff, ). Garcia-Beni, E. Gillet, D. Montesinos, G. L. Giorgi, M. C Soriano, R. Zambrini, V. Parigi arXiv:2506.07279 (2025) Accepted Nature Photonics
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\ \Experimental CV quantum Reservoir Computing

L0 SPECTRAL PUMP SPECTRAL
SHAPING

Experimental memory control in continuous variable E

optical quantum reservoir computing JA i A o &
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Gian Luca Giorgi,” Miguel C. Soriano,” Roberta Zambrini,> and Valentina Parigi' |’
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