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Sensitivity of KAGRA is limited by Quantum noise

The European Physical Journal D volume 74, Article number: 10 (2020)
Kentaro Somiya, ‘’Quantum noise reduction techniques in KAGRA’’

• To reduce this vacuum noise, using the 
squeezed light is a promising approach.

• KAGRA is designed to operate at cryogenic temperatures to reduce thermal noise.



Broadband Quantum noise reduction by 
frequency dependent squeezed light

M. Evans et. al. Physical Review D, 2013, 88(2):57-61. This frequency dependent squeezing could be realized by inject 
the frequency independent state generated by OPO cavity 
into a long filter cavity.



• First demonstration of frequency 
dependent squeezing by using 300m 
filter cavity to rotate squeezing 
ellipse below 100 Hz .

• More than 3dB squeezing at
high frequency, about 1dB
squeezing at low frequency

• Target 9 dB squeezing



More degree of squeezing is not always a good thing

Dashed line: squeezing with less loss
Solid line: squeezing with more loss and imperfect detection 

About 10 dB FD squeezing is optimal

• Not only the squeezing, but also the anti-squeezing will be injected into the interferometer and 
detector.

• 10 dB impure squeezing reduces shot noise ,but contributed 20 dB to the radiation pressure noise.

Squeezing 

Anti-squeezing
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Quantum state tomography: Optical Homodyne Tomography

Reconstruction Algorithms 

• To characterize a quantum state
• Measure the phase-resolved field quadratures

by homodyne detection
• Do measurements along different rotated 

directions by varying LO phase θ
• Get the probability distribution Pr(q,θ) 
• Collect all Pr. distribution over the 2 π interval
• Use reconstruction algorithms to convert 

the experimental data into the state’s density 
matrix and/or Wigner function. 

Probability distribution 
Pr(q, θ) 

Wigner function W(Q,P)



REVIEWS OF MODERN PHYSICS, VOLUME 81, JANUARY–MARCH 2009 DOI: 10.1103/RevModPhys.81.299

 Inverse Radon transformation
O   The oldest and simplest tomographic estimator.
O   The probability distribution pr(Qθ, θ) is the integral projection of the Wigner function.
O   Works well only when the statistical and systematic errors are negligible.
X    May deliver an unphysical density matrix e.g., negative eigenvalues or probabilities greater than 1 .

 Maximum Likelihood estimation (MLE)
O   The most popular technique for dealing with the problems of inversion linear transformation.
O   Restricting the domain of density matrices to the proper space.
O   Searching for the probability distribution which maximizes the likelihood of the inputs data
O   Guarantee the state to be theoretically valid 
X   It can't identify the quantum state uniquely. Inadmissible for fidelity, mean squared error.
“Maximum likelihood quantum state tomography is inadmissible” https://arxiv.org/abs/1808.01072 (2018).
 Bayesian mean estimation (BME) “ Optimal, reliable estimation of quantum states ” New Journal of Physics. 12 (4): 043034

Reconstruction Algorithms: 
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Convolutional Neural Network (CNN)
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effective for image 
classification problems

• To reduce the dimensionality of the input and send the meaningful features to the neuron network



Machine learning for squeezed state tomography: SQ Learner

>24 hours training time Do Fidelity Analysis to check the performance

Reconstructed
density matrix

Prepared
density matrix 

by theory

Quadrature
values

CNN
SQ learner

Fidelity

1D CNN model by Hsien-Yi Hsieh

• Filters, weights, and bias will be randomly 
generated at the beginning

• Automatic training to optimize parameters

input output

Compare 
correct 
answers



FI, Faraday isolator; 
EOM, electro-optical modulator; 
PBS, polarization beam splitter;
PZT, piezo electric transducer; 

MC, spatiotemporal mode cleaner; 
SHG, second-harmonic generation; 
OPO, optical parametric oscillator; 
DM, dichroic beam splitter

Schematic diagram for the squeezed light 
generation and measurement

PPKTP crystal

OPO cavity

Squeezed field

532 nm1064 nm

LO field



Ppower = 65.1 mW,  8dB squeezing MLE Reconstruction

CNN Reconstruction

< 1s to 
reconstruct

few minutes 
to reconstruct



Machine SQ Learner vs Max. Likelihood Estimation (MLE)

< 1s to reconstruct few minutes to reconstruct

The fidelity F for two states (density matrix) is given by

The reconstruction is precise if Fidelity is equal to 1

Reconstruction fidelity as a function of degree of squeezing and number of quadrature measurements.
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Next: FPGA Acceleration of Convolutional Neural Networks

CONV POOL CONV POOL… FC
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• Parallel capability of processing the data

• Reducing the loading of CPU



• Monitor the purity of the quantum state.
• The purity of a normalized quantum state is a scalar 

defined as

γ =1 for pure squeezed state:
degrees of squeezing = anti-squeezing 

Applications of real-time tomography in squeezed state:

| ρ
nm

|

n
m

Squeezed state with loss

• Monitor the properties of quantum states in real-
time, and study the corresponding dynamic 
behaviors.



Based on an artificial neural network known as the 
Restricted Boltzmann machine (RBM)

Reconstruction of Schrodinger cat states



Physics Letters B 803 (2020) 135330

PHYSICAL REVIEW D 102, 083024 (2020)

• Using an artificial neural network to identify  
gravitational-wave signals

Machine learning are popular for 
gravitational-wave data analysis

Algorithm: Convolutional Neural Network (CNN)

https://arxiv.org/abs/2009.04088

https://arxiv.org/abs/2011.04418
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