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OutLine 

Quantum Limit of Gravitational Wave Detectors

Parametric Amplifiers

Parametric Amplifiers as the tool to manipulation quantum optical field

Summary
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Quantum Limit of Gravitational Wave Detectors

Michelson Interferometer,  
4km arms, and kg-scale mirrors

Audio band window

To sense a motion 
 roughly the size of matter wavelength 

Quantum property of detector!
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Standard Quantum Limit

Phase

Amplitude

          Trade-off Between

Shot/Radiation-Pressure Noise

     Standard Quantum Limit 

Amplitude fluctuation

Phase fluctuation

Radiation Pressure Noise

Shot Noise
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Energetic Quantum Limit
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Bandwidth-Sensitivity trade-off

Increase the Bandwidth

Decrease the peak sensitivity

Optical Cavity case: 
Increase T.
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Peak Sensitivity

Bandwidth

SRC ITM ETM

Differential Mode of LIGO:

Braginsky et al. AIP Conference Proceedings 523, 180 (2000);
Mizuno Ph.D Thesis, 1995

Miao et.al Phys. Rev. Letts 2017
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Surpassing these quantum limits

Parametric Amplifier Can help us!

Squeezing generation to surpass Standard Quantum Limit!

Intracavity field Manipulation to Surpass bandwidth-peak Limit (EQL)
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Parametric Oscillator

Nonlinearity

PumpedVacuum injection Entangled photons

Ĥint = gĀp(âb̂+ â
†
b̂
†)
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Degenerate Amplifier Non-Degenerate Amplifier

Phase Sensitive Amplification

â = b̂
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Phase insensitive Amplification

“Squeezing!”

â1
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Quantum Entanglement between two fields

Measure a — conditionally reduce the uncertainty of b

Modify dynamics of optical system

7



Manipulating Input Fields:

Laser

16 meters Filter Cavity experiment:  McCuller et al. Phys. Rev. Letts, 124, 171102, 2020 (Matt Evans’ group)
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Degenerate Parametric Amplifier

Frequency Dependent Squeezing

Frequency
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Degenerate Parametric Amplifier + Fiter Cavity
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Manipulating Input Fields:
Frequency Dependent CONDITIONAL Squeezing

Non-Degenerate Parametric Amplifier + Arm Cavity

Yiqiu Ma et. al. Nat. Phys. 13,776-780 (2017)

Beckey, et.al, Phys. Rev. D 100,083011 (2019)

Zhang, et.al, Phys. Rev. D 101,124052 (2020)

✓1 ✓2

✓1 ✓2

Jan Sudbeck et al. Nat.Photonics, 14, 240-244 (2020)

Min-Jet Yap  et al., arXiv:1908.08685 (2019)
Experimental 

Follow up:
Theoretical 
Follow up:

Measurement

Squeezing!

Entangled beam from ND Parametric Amplifier 
 Injected into the Interferometer!
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Manipulating Intracavity Fields:

Pioneering Work: by Professor Kentaro Somiya

Somiya et. al. Parametric Signal amplification to create a stiff optical bar. Phys. Lett. A 380, 521-524, (2016)

Our Target: Surpassing the Energetic Quantum Limit

Quantum Expander: the use of Degenerate Parametric Amplifier

Coherent quantum noise cancelation using PT-symmetry: 
Non-degenerate amplifier

Detuned Case! Parametric amplification affects the optical rigidity!

10



Manipulating Intracavity Fields:
Quantum Expander: the use of Degenerate Parametric Amplifier

Korobko, Ma, Chen and Schnabel: Light: Science and Application (2019)8:118

Simply another region (tuned case) of Kentaro’s design!

Signal is “squeezed” by the amplifier, but the noise squeezed More at high frequencies!

⇤ =

R1
d⌦1/Sexp

h (⌦)R1
d⌦1/Strad

h (⌦)
/ 1

(� � �)2
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Enhancement Factor:
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Manipulating Intracavity Fields:
Coherent Noise Cancellation Using Nondegenerate Parametric Amplifier

An optomechanical ND amplifier example

Li, Goryachev, Ma, Tobar, Adkhari and Chen:  arXiv:2012.00836

V̂ = i(âb̂† � â†b̂) + i�(b̂†ĉ† � b̂ĉ)
<latexit sha1_base64="STQyaexFZPkB0/BuUKC4KD2COhs="></latexit>

Signal extraction mode

Infinite response to signal at low frequency!

˙̂a = �b̂+ i↵h

˙̂c† = �b̂

˙̂b = ��Rb̂+ â+ �ĉ† +
p
2�Rû
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d

dt
(�â+ ĉ†) = i�↵h
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Equation of motion:

+ Zero Noise field in the ideal Case!
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Manipulating Intracavity Fields:
Coherent Noise Cancellation Using Nondegenerate Parametric Amplifier

An optomechanical ND amplifier example

Li, Goryachev, Ma, Tobar, Adkhari and Chen:  arXiv:2012.00836

V̂ = i(âb̂† � â†b̂) + i�(b̂†ĉ† � b̂ĉ)
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Signal extraction mode

˙̂a = �b̂+ i↵h

˙̂c† = �b̂

˙̂b = ��Rb̂+ â+ �ĉ† +
p
2�Rû
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Equation of motion:

⇤ ⌘
R +1
0 d⌦/(2⇡)[SsWLC

h ]�1

R +1
0 d⌦/(2⇡)[Sconv

h ]�1
=

1

1� �2/2
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The gain in integrated sensitivity approaches infinity as              � ! 
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Manipulating Intracavity Fields:
Coherent Noise Cancellation Using Nondegenerate Parametric Amplifier

An optomechanical ND amplifier example

Li, Goryachev, Ma, Tobar, Adkhari and Chen:  arXiv:2012.00836

a, a†

−αa1h

c, c†

b, b†

ab† b†c†

signal

sWLC readout
(with PT symmetry)

g G

u

x, p
−μ

α(a + a†)x

X, P
μ

α(c + c†)X

u
v
uWLC readout (no PT symmetry)

v
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PT symmetry of this design

â
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<latexit sha1_base64="ZNu1zc6MRMrIZUTSPnFihaQ0FHc=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVRIf6LLoxmUF+4Aklslk0g6dZMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSAXXYNvfVmVldW19o7pZ29re2d2r7x90tcwUZR0qhVT9gGgmeMI6wEGwfqoYiQPBesH4tvB7T0xpLpMHmKTMj8kw4RGnBIzkeiMCmD56IRkO6g27ac+Al4lTkgYq0R7Uv7xQ0ixmCVBBtHYdOwU/Jwo4FWxa8zLNUkLHZMhcQxMSM+3ns8hTfGKUEEdSmZeYCIX6eyMnsdaTODCTMYGRXvQK8T/PzSC69nOepBmwhM4/ijKBQeLifhxyxSiIiSGEKm6yYjoiilAwLdVMCc7iycuke9Z0zpuX9xeN1k1ZRxUdoWN0ihx0hVroDrVRB1Ek0TN6RW8WWC/Wu/UxH61Y5c4h+gPr8wfLKJDx</latexit>

V̂ = i(âb̂† � â†b̂) + i�(b̂†ĉ† � b̂ĉ)
<latexit sha1_base64="STQyaexFZPkB0/BuUKC4KD2COhs="></latexit>

When � ! 
<latexit sha1_base64="YRmPtnTYRE/Y20VQH6l+f+TGJcM="></latexit><latexit sha1_base64="YRmPtnTYRE/Y20VQH6l+f+TGJcM="></latexit><latexit sha1_base64="YRmPtnTYRE/Y20VQH6l+f+TGJcM="></latexit><latexit sha1_base64="YRmPtnTYRE/Y20VQH6l+f+TGJcM="></latexit>

System has a PT -symmetry 

14



Manipulating Intracavity Fields:
Coherent Noise Cancellation Using Nondegenerate Parametric Amplifier

Li, Goryachev, Ma, Tobar, Adkhari and Chen:  arXiv:2012.00836
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α(c + c†)X

u
v
uWLC readout (no PT symmetry)

v


<latexit sha1_base64="GKcCj/OaHkH1w00MyuGajUYy2WY="></latexit><latexit sha1_base64="GKcCj/OaHkH1w00MyuGajUYy2WY="></latexit><latexit sha1_base64="GKcCj/OaHkH1w00MyuGajUYy2WY="></latexit><latexit sha1_base64="GKcCj/OaHkH1w00MyuGajUYy2WY="></latexit>

�
<latexit sha1_base64="85Nvk5ZGM3GqTdP0Cvzu7UpYHxo="></latexit><latexit sha1_base64="85Nvk5ZGM3GqTdP0Cvzu7UpYHxo="></latexit><latexit sha1_base64="85Nvk5ZGM3GqTdP0Cvzu7UpYHxo="></latexit><latexit sha1_base64="85Nvk5ZGM3GqTdP0Cvzu7UpYHxo="></latexit>

PT symmetry of this design

â
<latexit sha1_base64="QwOzB35cmqwsMa80LsE26pMDYNE=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKez6QI9BLx4jmAckS+idzCZjZneWmV4hLPkHLx4U8er/ePNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNCrVjDeYkkq3AzBcipg3UKDk7URziALJW8Hoduq3nrg2QsUPOE64H8EgFqFggFZqdoeAFHrlilt1Z6DLxMtJheSo98pf3b5iacRjZBKM6Xhugn4GGgWTfFLqpoYnwEYw4B1LY4i48bPZtRN6YpU+DZW2FSOdqb8nMoiMGUeB7YwAh2bRm4r/eZ0Uw2s/E3GSIo/ZfFGYSoqKTl+nfaE5Qzm2BJgW9lbKhqCBoQ2oZEPwFl9eJs2zqndevby/qNRu8jiK5Igck1PikStSI3ekThqEkUfyTF7Jm6OcF+fd+Zi3Fpx85pD8gfP5AyBgjtc=</latexit> ĉ†

<latexit sha1_base64="ZNu1zc6MRMrIZUTSPnFihaQ0FHc=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVRIf6LLoxmUF+4Aklslk0g6dZMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSAXXYNvfVmVldW19o7pZ29re2d2r7x90tcwUZR0qhVT9gGgmeMI6wEGwfqoYiQPBesH4tvB7T0xpLpMHmKTMj8kw4RGnBIzkeiMCmD56IRkO6g27ac+Al4lTkgYq0R7Uv7xQ0ixmCVBBtHYdOwU/Jwo4FWxa8zLNUkLHZMhcQxMSM+3ns8hTfGKUEEdSmZeYCIX6eyMnsdaTODCTMYGRXvQK8T/PzSC69nOepBmwhM4/ijKBQeLifhxyxSiIiSGEKm6yYjoiilAwLdVMCc7iycuke9Z0zpuX9xeN1k1ZRxUdoWN0ihx0hVroDrVRB1Ek0TN6RW8WWC/Wu/UxH61Y5c4h+gPr8wfLKJDx</latexit>

�������

�� �� ��� ��� ���� ������×��-��

��×��-��
��×��-��

��×��-��
��×��-��

��×��-��

� (��)

� �
(�
�-
�/
� )

SQL
<latexit sha1_base64="Jg5LnS06MWmRWfqnZ67ej5EGSMk="></latexit><latexit sha1_base64="Jg5LnS06MWmRWfqnZ67ej5EGSMk="></latexit><latexit sha1_base64="Jg5LnS06MWmRWfqnZ67ej5EGSMk="></latexit><latexit sha1_base64="Jg5LnS06MWmRWfqnZ67ej5EGSMk="></latexit>

uWLC-BAE
<latexit sha1_base64="Bpdje2nESNHfV9N2MxqO2K9YMcs="></latexit><latexit sha1_base64="Bpdje2nESNHfV9N2MxqO2K9YMcs="></latexit><latexit sha1_base64="Bpdje2nESNHfV9N2MxqO2K9YMcs="></latexit><latexit sha1_base64="Bpdje2nESNHfV9N2MxqO2K9YMcs="></latexit>

sW
L
C

<latexit sha1_base64="eapbNlEX2EV3B97f/bBtbRblMbM="></latexit><latexit sha1_base64="eapbNlEX2EV3B97f/bBtbRblMbM="></latexit><latexit sha1_base64="eapbNlEX2EV3B97f/bBtbRblMbM="></latexit><latexit sha1_base64="eapbNlEX2EV3B97f/bBtbRblMbM="></latexit>

sWLC (quantum)
<latexit sha1_base64="W6n4zeDXyN7IqMPKAHT9+Zt2oaI="></latexit><latexit sha1_base64="W6n4zeDXyN7IqMPKAHT9+Zt2oaI="></latexit><latexit sha1_base64="W6n4zeDXyN7IqMPKAHT9+Zt2oaI="></latexit><latexit sha1_base64="W6n4zeDXyN7IqMPKAHT9+Zt2oaI="></latexit>

uWLC (quantum)
<latexit sha1_base64="in3cQBkO4DXMc2ysHk/PcVePF8k="></latexit><latexit sha1_base64="in3cQBkO4DXMc2ysHk/PcVePF8k="></latexit><latexit sha1_base64="in3cQBkO4DXMc2ysHk/PcVePF8k="></latexit><latexit sha1_base64="in3cQBkO4DXMc2ysHk/PcVePF8k="></latexit>

uW
LC

<latexit sha1_base64="Lcil0C2zPeIwvrI3VK+tg7xyEu0="></latexit><latexit sha1_base64="Lcil0C2zPeIwvrI3VK+tg7xyEu0="></latexit><latexit sha1_base64="Lcil0C2zPeIwvrI3VK+tg7xyEu0="></latexit><latexit sha1_base64="Lcil0C2zPeIwvrI3VK+tg7xyEu0="></latexit>

sWLC-BAE
<latexit sha1_base64="Xq5pjNZOJqS0LbQ9CsYbOnlwW4I="></latexit><latexit sha1_base64="Xq5pjNZOJqS0LbQ9CsYbOnlwW4I="></latexit><latexit sha1_base64="Xq5pjNZOJqS0LbQ9CsYbOnlwW4I="></latexit><latexit sha1_base64="Xq5pjNZOJqS0LbQ9CsYbOnlwW4I="></latexit>

con
ven

tio
nal

<latexit sha1_base64="f4+LOtg1v8QaNOdVLMKsO+7SJtw="></latexit><latexit sha1_base64="f4+LOtg1v8QaNOdVLMKsO+7SJtw="></latexit><latexit sha1_base64="f4+LOtg1v8QaNOdVLMKsO+7SJtw="></latexit><latexit sha1_base64="f4+LOtg1v8QaNOdVLMKsO+7SJtw="></latexit>

Sensitivity Curve!

But do not forget the radiation pressure back-action Noise!
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Manipulating Intracavity Fields:
Coherent Noise Cancellation Using Nondegenerate Parametric Amplifier

Li, Goryachev, Ma, Tobar, Adkhari and Chen:  arXiv:2012.00836
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<latexit sha1_base64="GKcCj/OaHkH1w00MyuGajUYy2WY="></latexit><latexit sha1_base64="GKcCj/OaHkH1w00MyuGajUYy2WY="></latexit><latexit sha1_base64="GKcCj/OaHkH1w00MyuGajUYy2WY="></latexit><latexit sha1_base64="GKcCj/OaHkH1w00MyuGajUYy2WY="></latexit>

�
<latexit sha1_base64="85Nvk5ZGM3GqTdP0Cvzu7UpYHxo="></latexit><latexit sha1_base64="85Nvk5ZGM3GqTdP0Cvzu7UpYHxo="></latexit><latexit sha1_base64="85Nvk5ZGM3GqTdP0Cvzu7UpYHxo="></latexit><latexit sha1_base64="85Nvk5ZGM3GqTdP0Cvzu7UpYHxo="></latexit>

PT symmetry of this design

â
<latexit sha1_base64="QwOzB35cmqwsMa80LsE26pMDYNE=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKez6QI9BLx4jmAckS+idzCZjZneWmV4hLPkHLx4U8er/ePNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNCrVjDeYkkq3AzBcipg3UKDk7URziALJW8Hoduq3nrg2QsUPOE64H8EgFqFggFZqdoeAFHrlilt1Z6DLxMtJheSo98pf3b5iacRjZBKM6Xhugn4GGgWTfFLqpoYnwEYw4B1LY4i48bPZtRN6YpU+DZW2FSOdqb8nMoiMGUeB7YwAh2bRm4r/eZ0Uw2s/E3GSIo/ZfFGYSoqKTl+nfaE5Qzm2BJgW9lbKhqCBoQ2oZEPwFl9eJs2zqndevby/qNRu8jiK5Igck1PikStSI3ekThqEkUfyTF7Jm6OcF+fd+Zi3Fpx85pD8gfP5AyBgjtc=</latexit> ĉ†

<latexit sha1_base64="ZNu1zc6MRMrIZUTSPnFihaQ0FHc=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVRIf6LLoxmUF+4Aklslk0g6dZMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSAXXYNvfVmVldW19o7pZ29re2d2r7x90tcwUZR0qhVT9gGgmeMI6wEGwfqoYiQPBesH4tvB7T0xpLpMHmKTMj8kw4RGnBIzkeiMCmD56IRkO6g27ac+Al4lTkgYq0R7Uv7xQ0ixmCVBBtHYdOwU/Jwo4FWxa8zLNUkLHZMhcQxMSM+3ns8hTfGKUEEdSmZeYCIX6eyMnsdaTODCTMYGRXvQK8T/PzSC69nOepBmwhM4/ijKBQeLifhxyxSiIiSGEKm6yYjoiilAwLdVMCc7iycuke9Z0zpuX9xeN1k1ZRxUdoWN0ihx0hVroDrVRB1Ek0TN6RW8WWC/Wu/UxH61Y5c4h+gPr8wfLKJDx</latexit>

�������

�� �� ��� ��� ���� ������×��-��

��×��-��
��×��-��

��×��-��
��×��-��

��×��-��

� (��)

� �
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�-
�/
� )

SQL
<latexit sha1_base64="Jg5LnS06MWmRWfqnZ67ej5EGSMk="></latexit><latexit sha1_base64="Jg5LnS06MWmRWfqnZ67ej5EGSMk="></latexit><latexit sha1_base64="Jg5LnS06MWmRWfqnZ67ej5EGSMk="></latexit><latexit sha1_base64="Jg5LnS06MWmRWfqnZ67ej5EGSMk="></latexit>

uWLC-BAE
<latexit sha1_base64="Bpdje2nESNHfV9N2MxqO2K9YMcs="></latexit><latexit sha1_base64="Bpdje2nESNHfV9N2MxqO2K9YMcs="></latexit><latexit sha1_base64="Bpdje2nESNHfV9N2MxqO2K9YMcs="></latexit><latexit sha1_base64="Bpdje2nESNHfV9N2MxqO2K9YMcs="></latexit>

sW
L
C

<latexit sha1_base64="eapbNlEX2EV3B97f/bBtbRblMbM="></latexit><latexit sha1_base64="eapbNlEX2EV3B97f/bBtbRblMbM="></latexit><latexit sha1_base64="eapbNlEX2EV3B97f/bBtbRblMbM="></latexit><latexit sha1_base64="eapbNlEX2EV3B97f/bBtbRblMbM="></latexit>

sWLC (quantum)
<latexit sha1_base64="W6n4zeDXyN7IqMPKAHT9+Zt2oaI="></latexit><latexit sha1_base64="W6n4zeDXyN7IqMPKAHT9+Zt2oaI="></latexit><latexit sha1_base64="W6n4zeDXyN7IqMPKAHT9+Zt2oaI="></latexit><latexit sha1_base64="W6n4zeDXyN7IqMPKAHT9+Zt2oaI="></latexit>

uWLC (quantum)
<latexit sha1_base64="in3cQBkO4DXMc2ysHk/PcVePF8k="></latexit><latexit sha1_base64="in3cQBkO4DXMc2ysHk/PcVePF8k="></latexit><latexit sha1_base64="in3cQBkO4DXMc2ysHk/PcVePF8k="></latexit><latexit sha1_base64="in3cQBkO4DXMc2ysHk/PcVePF8k="></latexit>

uW
LC

<latexit sha1_base64="Lcil0C2zPeIwvrI3VK+tg7xyEu0="></latexit><latexit sha1_base64="Lcil0C2zPeIwvrI3VK+tg7xyEu0="></latexit><latexit sha1_base64="Lcil0C2zPeIwvrI3VK+tg7xyEu0="></latexit><latexit sha1_base64="Lcil0C2zPeIwvrI3VK+tg7xyEu0="></latexit>

sWLC-BAE
<latexit sha1_base64="Xq5pjNZOJqS0LbQ9CsYbOnlwW4I="></latexit><latexit sha1_base64="Xq5pjNZOJqS0LbQ9CsYbOnlwW4I="></latexit><latexit sha1_base64="Xq5pjNZOJqS0LbQ9CsYbOnlwW4I="></latexit><latexit sha1_base64="Xq5pjNZOJqS0LbQ9CsYbOnlwW4I="></latexit>

con
ven

tio
nal

<latexit sha1_base64="f4+LOtg1v8QaNOdVLMKsO+7SJtw="></latexit><latexit sha1_base64="f4+LOtg1v8QaNOdVLMKsO+7SJtw="></latexit><latexit sha1_base64="f4+LOtg1v8QaNOdVLMKsO+7SJtw="></latexit><latexit sha1_base64="f4+LOtg1v8QaNOdVLMKsO+7SJtw="></latexit>

Sensitivity Curve!

But do not forget the radiation pressure back-action Noise!

We need the negative inertia to do Back-action evasion (BAE!)

Fully PT-symmetric with negative inertia!
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Manipulating Intracavity Fields:
Connection to the Gain-balance symmetry interpretation:

Li, Goryachev, Ma, Tobar, Adkhari and Chen:  arXiv:2012.00836
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<latexit sha1_base64="GKcCj/OaHkH1w00MyuGajUYy2WY="></latexit><latexit sha1_base64="GKcCj/OaHkH1w00MyuGajUYy2WY="></latexit><latexit sha1_base64="GKcCj/OaHkH1w00MyuGajUYy2WY="></latexit><latexit sha1_base64="GKcCj/OaHkH1w00MyuGajUYy2WY="></latexit>

�
<latexit sha1_base64="85Nvk5ZGM3GqTdP0Cvzu7UpYHxo="></latexit><latexit sha1_base64="85Nvk5ZGM3GqTdP0Cvzu7UpYHxo="></latexit><latexit sha1_base64="85Nvk5ZGM3GqTdP0Cvzu7UpYHxo="></latexit><latexit sha1_base64="85Nvk5ZGM3GqTdP0Cvzu7UpYHxo="></latexit>

PT symmetry of this design

â
<latexit sha1_base64="QwOzB35cmqwsMa80LsE26pMDYNE=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKez6QI9BLx4jmAckS+idzCZjZneWmV4hLPkHLx4U8er/ePNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNCrVjDeYkkq3AzBcipg3UKDk7URziALJW8Hoduq3nrg2QsUPOE64H8EgFqFggFZqdoeAFHrlilt1Z6DLxMtJheSo98pf3b5iacRjZBKM6Xhugn4GGgWTfFLqpoYnwEYw4B1LY4i48bPZtRN6YpU+DZW2FSOdqb8nMoiMGUeB7YwAh2bRm4r/eZ0Uw2s/E3GSIo/ZfFGYSoqKTl+nfaE5Qzm2BJgW9lbKhqCBoQ2oZEPwFl9eJs2zqndevby/qNRu8jiK5Igck1PikStSI3ekThqEkUfyTF7Jm6OcF+fd+Zi3Fpx85pD8gfP5AyBgjtc=</latexit> ĉ†

<latexit sha1_base64="ZNu1zc6MRMrIZUTSPnFihaQ0FHc=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVRIf6LLoxmUF+4Aklslk0g6dZMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSAXXYNvfVmVldW19o7pZ29re2d2r7x90tcwUZR0qhVT9gGgmeMI6wEGwfqoYiQPBesH4tvB7T0xpLpMHmKTMj8kw4RGnBIzkeiMCmD56IRkO6g27ac+Al4lTkgYq0R7Uv7xQ0ixmCVBBtHYdOwU/Jwo4FWxa8zLNUkLHZMhcQxMSM+3ns8hTfGKUEEdSmZeYCIX6eyMnsdaTODCTMYGRXvQK8T/PzSC69nOepBmwhM4/ijKBQeLifhxyxSiIiSGEKm6yYjoiilAwLdVMCc7iycuke9Z0zpuX9xeN1k1ZRxUdoWN0ihx0hVroDrVRB1Ek0TN6RW8WWC/Wu/UxH61Y5c4h+gPr8wfLKJDx</latexit>

˙̂a = �b̂+ i↵h

˙̂c† = �b̂

˙̂b = ��Rb̂+ â+ �ĉ† +
p
2�Rû

<latexit sha1_base64="NBjMCON8UsVUSntLG1wCwraNaXc="></latexit><latexit sha1_base64="NBjMCON8UsVUSntLG1wCwraNaXc="></latexit><latexit sha1_base64="NBjMCON8UsVUSntLG1wCwraNaXc="></latexit><latexit sha1_base64="NBjMCON8UsVUSntLG1wCwraNaXc="></latexit>

We adiabatically eliminate b-field:

˙̂a = �2

�
â� �

�
ĉ† + ...

<latexit sha1_base64="amFyzqJ92vJVVe7p05SaIk4uRYk="></latexit>

˙̂c† =
2

�
ĉ+

�

�
â+ ...

<latexit sha1_base64="oP6W88QM8hwHaFVhYgMmmanz1B0="></latexit>

Gain

Loss

� ! 
<latexit sha1_base64="YRmPtnTYRE/Y20VQH6l+f+TGJcM="></latexit><latexit sha1_base64="YRmPtnTYRE/Y20VQH6l+f+TGJcM="></latexit><latexit sha1_base64="YRmPtnTYRE/Y20VQH6l+f+TGJcM="></latexit><latexit sha1_base64="YRmPtnTYRE/Y20VQH6l+f+TGJcM="></latexit>

Gain=Loss

17



Summary:

Parametric Amplifier Can help us to surpass Quantum Limit!

Squeezing generation to surpass Standard Quantum Limit!

Intracavity field Manipulation to Surpass bandwidth-peak Limit (EQL)

Degenerate PA can generate squeezing to beat quantum fluctuations

NDegenerate PA can generate EPR entanglement light to generate conditional squeezing

Quantum Expander using Degenerate PA can significantly broaden the detection bandwidth

New Concept Based on PT symmetry system coherently cancel the quantum noise
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