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            Abstract
Controlling a quantum system by using observations of its dynamics is complicated by the backaction of the measurement processâ€”that is, the unavoidable quantum disturbance caused by coupling the system to a measurementÂ apparatus. An efficient measurement is one that maximizes the amount of information gained per disturbance incurred. Real-time feedback canÂ then be used to cancel the backaction of the measurement and to control the evolution of the quantum state. Such measurement-based quantum control has been demonstrated in the clean settings of cavity and circuit quantum electrodynamics, but its application to motional degrees of freedomÂ has remained elusive. Here we demonstrate measurement-based quantum control of the motion of a millimetre-sized membrane resonator. An optomechanical transducer resolves the zero-point motion of the resonator in a fraction of its millisecond-scale coherence time, with an overall measurement efficiency close to unity. An electronic feedback loop converts this position record to a force that cools the resonator mode to its quantum ground state (residual thermal occupation of about 0.29). This occupation is nine decibels below the quantum-backaction limit of sideband cooling and six orders of magnitude below the equilibrium occupation of the thermal environment. We thus realize a long-standing goal in the field, adding position and momentum to the degrees of freedom that are amenable to measurement-based quantum control, with potential applications in quantum information processing and gravitational-wave detectors.
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                    Fig. 1: Optomechanical system.


Fig. 2: Quantum backaction in sideband cooling.


Fig. 3: Quantum measurement.


Fig. 4: Feedback cooling to the quantum ground state.


Fig. 5: Heating from low phonon occupancy.
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Extended data figures and tables

Extended Data Fig. 1 Soft-clamped membrane.
a, Photograph of the soft-clamped membrane. b, Simulated displacement pattern of defect-localized mode A. c, Mechanical spectrum of the lowest-frequency bandgap, with defect-localized modes labelled from A to E. The grey peak at 1.09Â MHz is a phase-calibration tone.


Extended Data Fig. 2 Mode A ringdowns.
a, Ringdowns with continuous and stroboscopic optical monitoring. The inset shows the power spectral density (PSD) of the continuous ringdown data. b, Ringdowns at different continuous optical powers. The Q values extracted are 1.02Â Ã—Â 109, 1.06Â Ã—Â 109, 1.07Â Ã—Â 109 and 1.04Â Ã—Â 109 from high to low optical power.


Extended Data Fig. 3 Experimental set-up.
An overview of the optical and electronic scheme used in the experiments is shown. AM, amplitude modulator; PM, phase modulator; DAQ, data acquisition card; LIA, lock-in amplifier; aux, auxiliary; Î½PDH, Poundâ€“Dreverâ€“Hall modulation frequency; Î½cal, calibration tone frequency.


Extended Data Fig. 4 OMIT.
Measured traces of the transmission |tp| are shown for different laser detunings, close to the mechanical frequency Î©m (dashed red line). Black lines are theoretical fits.


Extended Data Table 1 Contribution to detection efficiencyFull size table
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Supplementary Information
This file contains a table with a summary of symbols used throughout the manuscript and three additional sections. In the first one we discuss about the theoretical model used to describe the measurements presented in the manuscript. In the second one we give details about the methods used to analyse the data. In the third section we provide additional measurements which characterize the additional technical noise of the laser source used in the experiment.
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