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Quantum noise
• Quantum noise can be understood to be originated 

from the fluctuation of photon number 

• Mathematically, quantum noise is due to the 
amplitude and phase operators don’t commute and 
result in a minimum uncertainty 

Signal

Noise

Quantum noise = __________
Noise

Signal
R. Schnabel, Physics Reports, 684(2017)
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Quantum noise reduction (FIS)
• The vacuum state could be manipulated to have either amplitude or 

phase quadratures fluctuation smaller or larger, called squeezed 
vacuum 

• The generation of squeezed vacuum is typically frequency-
independent squeezing (FIS)

PRL 123,231108 (2019)
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Quantum noise reduction (FDS)
• Since the dominating component of quantum noise is frequency dependent, a 

frequency dependent squeezing (FDS) could reduce quantum noise at all 
frequencies

R. Schnabel, Physics Reports, 684(2017)
Several ways to achieve FDS 

• Filter cavity 

• Amplitude filter cavity 

• Frequency dependent beam splitter 

• EPR entanglement 

• Quantum teleportation 

• …
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Previous work

PRD 110,082006 (2024)

Thin dashed lines: SQL; thin solid lines: ordinary 
interferometer, vacuum input; thick solid lines: ordinary 
interferometer, frequency-independent squeezing; thick dashed 
lines: phase prefiltering; dotted line: phase post-filtering.

PRD 81,122002 (2010)

• Different frequency dependent squeezing schemes have been compared in the past
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KAGRA post-O5

Quantum noise limits all frequencies Quantum noise limits low and 
high frequencies, thermal noise 
limits middle frequencies

Quantum noise limits middle 
and high frequencies, thermal 
noise limits low frequencies

Therefore, it’s crucial to 
investigate the 

frequency dependent 
behaviours of squeezing 

scheme
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Previous work within KAGRA
• M. Page has investigated many possibilities for squeezing implementation in KAGRA

The answer for squeezing implementation must 
be within the comparison of different squeezing 

schemes 8



Theoretical framework
• The two-photon formalism is used throughout this work, from following papers:

We need 
quantitative 

comparisons for 
deciding which 

scheme to use for 
KAGRA
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One-mode squeezing source

• This work assumed 15dB squeezing is injected to the interferometer

Squeezing 
injection plan 

in ET

Squeezing 
injection in 
LIGO O4
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Two-mode squeezing source
• Compared with one-mode squeezing source, additional hardware: 

• AOM to shift pump frequency 

• Precise control of SRC and arm length 

• An etalon to separate signal and idler 

• An additional homodyne

With parameters in the table, we 
could realize a coupled-cavity with 
desirable bandwidth and detuning

These 
parameters 

maybe 
adjusted 

11



One-mode squeezing + filter cavity
• As mentioned before, there is a potential limitation of filter cavity length of 85 m

Decay rate of cavity 
caused by optical losses 

can be expressed as:

Filter cavity length is 
important since it 
determines decay rate

An empirical power law 
for optical losses Losses limited decay rate
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• What is the optimal filter cavity for KAGRA post-O5?

One-mode squeezing + filter cavity

The same filter cavity parameters are 
also used for EPR coupled cavity as 
well 

Assuming negligible optical losses, 
the optimal filter cavity bandwidth 

and detuning are: 
12.75 Hz

PRD 90,062006 (2014)

13



• Short filter cavity could introduce problems as following

One-mode squeezing + filter cavity

A cavity shorter 
than about 25 m 
will be totally 
limited by losses

The dephasing 
effect is significant 
as well
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• There are two schemes that detuning can be removed (no dephasing effect)

One-mode squeezing + filter cavity
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Different schemes comparison in the case of KAGRA

• Considering a 85m filter cavity 

• Injection losses: 4% 

• Readout losses: 3% 

• SEC losses: 500 ppm 

• High quality suspension (HQS)
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Optimisation of filter cavity (HQS)

• Filter cavity bandwidth and 
detuning optimisation cases: 
• Arm power change 

• Filter cavity losses change 

• The use of 85m filter cavity can give 
at least 10% more BNS range, means 
more than 30% increase of detection 
rate (compare with EPR)
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Optimisation of filter cavity (LQS)

• No matter how filter cavity is 
optimised, FIS always 
performs the best when the 
suspension has a low quality 
factor
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Range for different total mass BBH

• EPR scheme has advantages for high total mass BBH

HQS
LQS
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Conclusion

• Quantum noise reduction is crucial for sensitivity improvement for current and 
future gravitational wave detectors 

• Due to the particular situation in KAGRA, several different quantum noise reduction 
schemes are considered 

• For the case of high quality factor suspension, FIS gives the largest BNS range 

• For the case of high quality factor suspension, the usual filter cavity FDS gives the 
largest BNS range, while the EPR FDS gives the best range for heavy binary systems 

• To guarantee the performance of FDS, a tunable filter cavity is preferred 
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Next steps

• Calculate tunable filter cavity parameters in the case of KAGRA post-O5 

• Such as etalon for cavity input mirror 

• Investigate the behaviour of thermal deformation induced mode mismatch influence 
for KAGRA QNR according to the high power operation plan for post-O5 

• KAGRA is featured to be less sensitive to thermal deformation, but quantitative 
simulation is crucial
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Thank you for your attention!
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