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Towards broadband quantum noise reduction in GWIs 
using an atomic noise eater. 
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Spin ensemble = positive/negative mass oscillator
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Quantum back action free measurement of motion

𝑃𝐿𝑜𝑢𝑡 = 𝑃𝐿,𝑖𝑛 + 𝑓𝑜𝑟𝑐𝑒 𝑡𝑒𝑟𝑚𝑠 + Γ𝑀𝜒𝑀𝑋𝐿1,𝑖𝑛 + Γ𝑆𝜒𝑆𝑋𝐿2,𝑖𝑛

Mechanical oscillator
𝜒𝑀spin quantum oscillator𝜒𝑆 = − 𝜒𝑀



Cancellation of Quantum backaction noise in negative mass reference frame

Γ𝑀𝜒𝑀 = −Γ𝑆𝜒𝑆

𝑃𝐿𝑜𝑢𝑡 = 𝑃𝐿,𝑖𝑛 + 𝑓𝑜𝑟𝑐𝑒 𝑡𝑒𝑟𝑚𝑠 + Γ𝑀𝜒𝑀𝑋𝐿1,𝑖𝑛 + Γ𝑆𝜒𝑆𝑋𝐿2,𝑖𝑛
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F. Khalili and E.S.P. Quantum back action evading detection of gravitational waves in a 
negative mass reference frame. PRL  July 2018 
E. Zeuthen, E.S.P., F. Khalili. Gravitational wave detection beyond the standard quantum 
limit using a negative-mass spin system and virtual rigidity. PRD, 100, 062004 (2019).
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𝑃𝐿1,𝑜𝑢𝑡 = −𝑃𝐿1,𝑖𝑛 + 𝑠𝑖𝑔𝑛𝑎𝑙 + Γ𝑀𝜒𝑀𝑋𝐿1,𝑖𝑛

𝑃𝐿2,𝑜𝑢𝑡 = −𝑃𝐿2,𝑖𝑛 + 𝑠𝑝𝑖𝑛 𝑛𝑜𝑖𝑠𝑒 + Γ𝑆𝜒𝑆𝑋𝐿2,𝑖𝑛

𝑃𝐿1,𝑜𝑢𝑡 − 𝑃𝐿2,𝑜𝑢𝑡 = −𝑃𝐿1,𝑖𝑛 + 𝑃𝐿2,𝑖𝑛 + 𝑓𝑜𝑟𝑐𝑒 𝑡𝑒𝑟𝑚𝑠
+Γ𝑀𝜒𝑀𝑋𝐿1,𝑖𝑛 − Γ𝑆𝜒𝑆𝑋𝐿2,𝑖𝑛

Γ𝑆𝜒𝑆 = −Γ𝑀𝜒𝑀 (𝑃𝐿1,𝑖𝑛−𝑃𝐿2,𝑖𝑛)
2 = 𝑒−2𝑟

(𝑋𝐿1,𝑖𝑛+𝑋𝐿2,𝑖𝑛)
2 = 𝑒−2𝑟

𝑃𝐿1,𝑜𝑢𝑡 − 𝑃𝐿2,𝑜𝑢𝑡 ⇒ 𝑓𝑜𝑟𝑐𝑒 𝑡𝑒𝑟𝑚𝑠

Probing the hybrid system with EPR entangled light modes
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Simulation for LIGO

F. Khalili and E.S.P. Phys.Rev.Lett. July 2018



Entangled light 
modes



Two color entanglement between 1064nm and 852nm modes

Shot noise

- 8 dB



Valeriy Noviko Tulio Brasil




