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Non-Guassian elements in the network



Large number of involved modes: 

merging strategy based on optical spectral shape with the one based on time-bin

V. Roman-Rodriguez, B. Brecht, K. Srinivasan, C. Silberhorn, N. Treps, E. Diamanti, V. Parigi, New J. Phys. 23 043012 (2021)

V. Roman-Rodriguez, D. Fainsin, G.  L. Zanin, N. Treps, E. Diamanti, and V. Parigi Physical Review Research 6, 043113 (2024)
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• Room temperature coherent detection (mainly homodyne)

• Different spectral and temporal shapes, few spatial paths : multiplexing

• Deterministic generation multimode Gaussian states (multimode squeezing 
and multipartite entangled states)

• Non-Gaussian statistics via linear and non-linear BS and heralding

Mode-selective non Gaussian operation

Spectral/time -selective operations

Y.-S. Ra, et al. Nature Physics 16, 144 (2020). 

See also Quantum Pulse Gate (C. Silberhorn)

Mode-selective photon subtraction

(Sum-frequency generation)

Mode-selective photon addition

(parametric amplification)

G. Roeland et al New J. Phys. 24 043031 (2022) 
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Engineering of non-linear optical 
processes (waveguides) 

collaboration Paderborn University 
C. Silberhorn 

Spectral/time -selective operations



Mode-selective single-photon subtraction

You need a BS
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Mode-selective single-photon subtraction

You need a mode-selective BS

𝜒2

Gate

Sum frequency generation

Transfer function

Gate  

You want the gate shape to control the mode from which the photon is subtracted

To get a pure state the process should be single-mode  in the sense of Schmidt decomposition 

Y.-S. Ra, et al. Nature Physics 16, 144 (2020). 



Mode-selective single-photon subtraction

You need a mode-selective BS

Y.-S. Ra, et al. Nature Physics 16, 144 (2020);  
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Mode-selective single-photon subtraction

You need a mode-selective BS

Y.-S. Ra, et al. Nature Physics 16, 144 (2020);  
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Mode-selective single-photon addition

You need a parametric process

G. Roeland et al New J. Phys. 24 043031 (2022), P Namdar et al, in preparation



Mode-selective single-photon addition

You need a mode selective  parametric process

You want the pump shape to control the mode to which the photon is added

To get a pure state the process should be single-mode  in the sense of Schmidt decomposition 



Reverse engineering in wave-guides 

Task: get the operations at telecom wavelength via diffusive or thin film waveguides  

P. Namdar, P. Folge, C. E. Lopetegui, S. 

Babel, B. Brecht, C. Silberhorn, V. Parigi 
Spectro-temporally tailored Non-Gaussian
Quantum Operations in Thin-Film 

Waveguides, arXiv:2508.04578 

1. Precise modelling of the process 

2. Run Evolutionary algorithm  to get waveguide parameters. Fitness function= 
get K as close to 1 as possible   !

Peter Namdar, 

Sorbonne University

Patrick F. Folge, 

Paderborn Uiversity

SiO2



Reverse engineering in wave-guides 

Task: get the operations at telecom wavelength via diffusive or thin film waveguides  

Single-photon AdditionSingle-photon Subtraction

Transfer function

P. Namdar, et al.Spectro-temporally tailored Non-Gaussian Quantum Operations in Thin-Film Waveguides, arXiv:2508.04578 

𝜆𝑢𝑝 𝜆𝑢𝑝

𝜆𝑠 𝜆𝑠

𝜆𝑖 𝜆𝑖

𝜆𝑠 𝜆𝑠

Joint spectral amplitude

No need to select the heralding mode ( up or idler );   the gate or pump mode are transferred into the signal 

Ideal case



Reverse engineering in wave-guides 

Results

Single-Photon Addition

Task: get the operations at telecom wavelength via diffusive or thin film waveguides  

P. Namdar, et al.Spectro-temporally tailored Non-Gaussian Quantum Operations in Thin-Film Waveguides, arXiv:2508.04578 
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Results
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A reservoir, for local and distributed 

processes



NISQ protocols

P. Stornati et al  Variational quantum simulation 
using non-Gaussian continuous-variable 
systems, accepted in Phys. Rev. Research 6, 
043212 (2024)

J. Nokkala, R. Martínez-Peña, 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 (2024)

J García-Beni, I Paparelle, V Parigi, GL Giorgi, MC Soriano, R
Zambrini, EPJ Quantum Technology 12 (1), 1-14 (2025)

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

Reservoir Computing, 

Variational Quantum algorithms

Roberta Zambrini

Collaboration



RC universal = when it can approximate any so-called fading memory 

function (continuous function of a finite number of past inputs) 

inputs

reservoir space

function of the features space

should correspond

to a target function

RC Universal in the case of Gaussian harmonic oscillators  

required non-linearity-> tuned via encoding and output function

Reservoir Computing via Quantum states

Multimode Gaussian resources

+
Continuous Variable measurements 

J. Nokkala, R. Martínez-Peña, 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)

Johannes Nokkala



quantum harmonic oscillators

coherent states squeezed states thermal states

Reservoir Computing via Quantum states

Multimode Gaussian resources

+
Continuous Variable measurements 

J. Nokkala, R. Martínez-Peña, 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)

Johannes Nokkala



quantum harmonic oscillators

echo state network (ESN)

coherent states

squeezed states

thermal states

Reservoir Computing via Quantum states

Multimode Gaussian resources

+
Continuous Variable measurements 

Johannes Nokkala



Measurement based CV Reservoir Computing

i) encoding the external 
input into the quantum 
substrate (input layer);

ii) letting the quantum reservoir evolve in 
time -Hamiltonian or master equation 
evolution- (reservoir layer)

(iii) measuring a set of observables to 
approximate a target task (readout layer 
–here linear regression is realized). 

-state reset

-parametrized quantum circuit gates

-controlled driving into the Hamiltonian

The protocol is then 
repeated for the following 
input in the sequence 



Measurement based CV Reservoir Computing

i) encoding the external

ii) letting the quantum reservoir evolve

(iii) measuring

-at each k-th time step, quantum 
teleportation of the quantum reservoir 
state 

-The input dependent quadrature is 
measured -> input dependent gate acts on 
the teleported (and new reservoir) state

-Measurement via BS with vacuum to extract 
information

J García-Beni, I Paparelle, V Parigi, GL Giorgi, MC Soriano, R Zambrini, Quantum machine learning via continuous-

variable cluster states and teleportation arXiv:2411.06907, accepted in EPJ Quantum Technology.

Jorge García-Beni
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Measurement based CV Reservoir Computing

mode-dependent parameters
tuned according to the task

Linear regression to approach the target function

Observables

optimized

J García-Beni, I Paparelle, V Parigi, GL Giorgi, MC Soriano, R Zambrini, Quantum machine learning via continuous-

variable cluster states and teleportation arXiv:2411.06907, accepted in EPJ Quantum Technology.



Measurement based CV Reservoir Computing

Tasks

Temporal XOR

(100% accuracy)

NARMA -d

it requires non-linearity and memory,
2 modes reservoir

It requires both high
memory and nonlinearity



Experimental CV quantum Reservoir Computing
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Experimental CV quantum Reservoir Computing
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