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de Broglie wavelength of kg size test mass:

Quantum effects are indeed important!

Strain sensitivity of km size detector:

40 kg LIGO Mirror

Why Quantum?

�L ⇠
<latexit sha1_base64="OmGFYLHDFAZqTBLV8xgUboOxfYQ=">AAAB83icbZC7SgNBFIbPeo3xFrW0GQyCVdi10c6AKSwsIpgLZJcwO5kkQ2Znl5mzQljyGkKwMIitD2Jr59s4uRSa+MPAx3/O4Zz5w0QKg6777aytb2xubed28rt7+weHhaPjuolTzXiNxTLWzZAaLoXiNRQoeTPRnEah5I1wcDutN564NiJWjzhMeBDRnhJdwShay/crXCIl974RUbtQdEvuTGQVvAUUbz7H4wkAVNuFL78TszTiCpmkxrQ8N8EgoxoFk3yU91PDE8oGtMdbFhWNuAmy2c0jcm6dDunG2j6FZOb+nshoZMwwCm1nRLFvlmtT879aK8XudZAJlaTIFZsv6qaSYEymAZCO0JyhHFqgTAt7K2F9qilDG1PehuAtf3kV6pclz/KDWyxXYK4cnMIZXIAHV1CGO6hCDRgk8AyvMHFS58V5c97nrWvOYuYE/sj5+AFLv5Qh</latexit><latexit sha1_base64="hUuk1IN2ButNK/HN0Dp49ZEaWGo=">AAAB83icbZDLSgMxFIYz9VbrrerSTbAIrsqMG91ZsAsXLirYC3SGkkkzbWiSGZIzQhn6GoK6UMStD+LWnW9jpu1CW38IfPznHM7JHyaCG3Ddb6ewsrq2vlHcLG1t7+zulfcPWiZONWVNGotYd0JimOCKNYGDYJ1EMyJDwdrh6Cqvt++ZNjxWdzBOWCDJQPGIUwLW8v06E0DwjW+47JUrbtWdCi+DN4fK5edjrqdGr/zl92OaSqaACmJM13MTCDKigVPBJiU/NSwhdEQGrGtREclMkE1vnuAT6/RxFGv7FOCp+3siI9KYsQxtpyQwNIu13Pyv1k0huggyrpIUmKKzRVEqMMQ4DwD3uWYUxNgCoZrbWzEdEk0o2JhKNgRv8cvL0DqrepZv3UqtjmYqoiN0jE6Rh85RDV2jBmoiihL0gF7Qq5M6z86b8z5rLTjzmUP0R87HD6j8leY=</latexit><latexit sha1_base64="hUuk1IN2ButNK/HN0Dp49ZEaWGo=">AAAB83icbZDLSgMxFIYz9VbrrerSTbAIrsqMG91ZsAsXLirYC3SGkkkzbWiSGZIzQhn6GoK6UMStD+LWnW9jpu1CW38IfPznHM7JHyaCG3Ddb6ewsrq2vlHcLG1t7+zulfcPWiZONWVNGotYd0JimOCKNYGDYJ1EMyJDwdrh6Cqvt++ZNjxWdzBOWCDJQPGIUwLW8v06E0DwjW+47JUrbtWdCi+DN4fK5edjrqdGr/zl92OaSqaACmJM13MTCDKigVPBJiU/NSwhdEQGrGtREclMkE1vnuAT6/RxFGv7FOCp+3siI9KYsQxtpyQwNIu13Pyv1k0huggyrpIUmKKzRVEqMMQ4DwD3uWYUxNgCoZrbWzEdEk0o2JhKNgRv8cvL0DqrepZv3UqtjmYqoiN0jE6Rh85RDV2jBmoiihL0gF7Qq5M6z86b8z5rLTjzmUP0R87HD6j8leY=</latexit><latexit sha1_base64="bDzygvrT38znOxlIVW7P+C+R0N8=">AAAB83icbZA9SwNBEIbn4leMX1FLm8UgWIU7Gy0DprCwiGA+IHeEvc1esmT37tidE8KRv2FjoYitf8bOf+MmuUITX1h4eGeGmX3DVAqDrvvtlDY2t7Z3yruVvf2Dw6Pq8UnHJJlmvM0SmeheSA2XIuZtFCh5L9WcqlDybji5nde7T1wbkcSPOE15oOgoFpFgFK3l+00ukZJ73wg1qNbcursQWQevgBoUag2qX/4wYZniMTJJjel7bopBTjUKJvms4meGp5RN6Ij3LcZUcRPki5tn5MI6QxIl2r4YycL9PZFTZcxUhbZTURyb1drc/K/WzzC6CXIRpxnymC0XRZkkmJB5AGQoNGcopxYo08LeStiYasrQxlSxIXirX16HzlXds/zg1hrNIo4ynME5XIIH19CAO2hBGxik8Ayv8OZkzovz7nwsW0tOMXMKf+R8/gBxcZFH</latexit>

3



Advanced LIGO design sensitivity curve [1]:

Why Quantum?
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Origin of quantum noise

Amplitude
quadrature

Phase
quadrature

High
Frequency

Low
Frequency

Ponderomotive (anti-)squeezing [2,3]
(manifestation of quantum back action) 5



Phase 
fluctuation shot noise Amplitude

fluctuation
Radiation pressure
(back action) noise

Standard Quantum Limit (SQL)

[4]
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Surpassing the SQL by detuning the SRC

SRM: Signal recycling mirror
ITM: Input test mass mirror

Take advantage of the internal 
ponderomotive squeezing 

(back action as a resource) [5, 6]SRC: Signal recycling cavity
7



Input-filtering: Frequency-dependent squeezing 

squeezer Filter cavity rotates input squeezing angle [7]
counteracts ponderomotive (anti-)squeezing
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Intra-cavity filtering: Speed meter

Noise

Signal
Sacrificing the signal response but decreasing the 

ponderomotive (anti-)squeezing more [8]
An equivalent realisation with Sagnac [9, 10]
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Intra-cavity filtering: White-light cavity (“fast light”)

Can be realised also with 
active atomic system [12, 13]

Enhancing the bandwidth without reducing
the peak sensitivity

[11]
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Output filtering: Frequency-dependent readout

Noise

Signal Readout

Read out  the optimal quadrature that 
has the maximum SNR [7]
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General case

Each filtering module can be a 
cascade of passive/active filter 
cavities. Infinite combinations! 

Question:

How do we combine techniques
in a systematic way? 

What is the optimal scheme? 
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A unified framework

SQL

FQL

Heisenberg
limit

output 
filtering

input
filtering

intra-cavity 
filtering

radiation
pressure 

noise

shot
noise +

optical loss
limit

Intuition: time-energy uncertainty relation

This framework applies to other linear quantum measurements.   

Fundamental Quantum Limit (FQL) [6, 14 - 16]

Heisenberg Limit (all photons entangled)

Optical loss limit [17, 18]

rather than 
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