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I. NOTATION22

Throughout this work, we use the following symbols.23

Symbol Explanation

m Mass of the particle

Ωz Eigenfrequency of the particle along the optical axis

zzpf Zero-point fluctuation size: zzpf =
√

~/(2mΩz)

γeff Effective feedback-induced mechanical damping rate

γth Damping rate due to thermal bath: γth � γeff

T Bath temperature

Γth Thermal decoherence rate (phonons/s): Γth = γthkBT/(~Ωz)

Γqba Decoherence rate due to quantum backaction

Γexc Excess decoherence rate including Γth

Γtot Total decoherence rate: Γtot = Γqba + Γexc = Γqba(1 + 1/Cq)

Cq Quantum cooperativity: Cq = Γqba/Γexc

ηd Detection efficiency

Γmeas Measurement rate: Γmeas = ηdΓqba

ηmeas Measurement efficiency: ηmeas = Γmeas/Γtot = ηd/(1 + 1/Cq)

n Phonon occupation number of the particle’s z-motion

χeff(Ω) Effective mechanical susceptibility: χeff(Ω) = m−1/(Ω2
z − Ω2 − iγeffΩ)

S
tot
FF Two-sided, symmetrized total force noise PSD: S

tot
FF = ~2Γtot/(2πz

2
zpf)

S imp Detector imprecision noise PSD: S imp = z2
zpf/(8πΓmeas)

S impS
tot
FF Measurement-disturbance relation: S impS

tot
FF = (~/4π)2/ηmeas

Szz(Ω) Two-sided, symmetrized particle position PSD: 〈z2〉 =
∫

dΩ Szz(Ω)

S
hom
zz (Ω) Measured in-loop position PSD on the homodyne detector

Srr(Ω) Heterodyne detector position PSD at the Stokes (red) sideband

Sbb(Ω) Heterodyne detector position PSD at the anti-Stokes (blue) sideband

Srb(Ω) Cross-PSD between Stokes and anti-Stokes sidebands

24
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Figure 1. Experimental Setup. We optically trap a nanoparticle inside a cryogenic vacuum chamber

using a telecom laser. In the forward direction, we employ a libration and position detection system. In

the backward direction, we place both a homodyne and a heterodyne photodetector. AOM: acousto-optic

modulator. DAQ: data acquisition card. EOM: electro-optic modulator. λ/2: half-wave plate. LO: local

oscillator. PBS: polarizing beam-splitter. R: reflection. T: transmission.

II. EXPERIMENTAL METHODS25

A. Setup26

a. Cryogenic optical trapping setup. Our detailed experimental setup is shown in Fig. 1.27

We optically trap the nanoparticles inside a vacuum chamber connected to a closed-cycle cryostat28

(attoDRY800 from attocube, nominal cold-plate temperature 4 K) to lower both the temperature29

and the pressure of the gas around the particle, thus reducing the fluctuating force disturbing its30

motion. The optical tweezers are formed by focusing linearly polarized telecom light with a wave-31

length λ = 1550 nm and a power of 1.2 W. We use an asymmetric lens system, with a 0.75 NA32

trapping lens (Lightpath 355617), and a 0.6 NA collection lens (Lightpath 355330) to collimate33

the beam after the trap. Due to the NA mismatch, about 25% of the light does not exit the trapping34

volume and is at least partly absorbed by the cryostat, increasing the temperature of the volume35
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around the trap. The lenses are encased in a threaded steel mount, and screwed into a threaded36

holder machined out of electrically insulating polyether ether ketone (PEEK). When performing37

linear feedback cooling, we apply the voltage needed to drive the particle motion directly to the38

lenses’ mounts. The PEEK holder is mounted on top of a solid copper post in thermal contact39

with the cold plate of the cryostat. The vacuum chamber connected to the cryostat contains two40

concentric metallic cylinders. Their purpose is to shield the innermost trapping volume of the41

chamber from hot gas particles in thermal equilibrium with the vacuum chamber at room tem-42

perature. The inner shield, which is made of oxygen-free copper, contains the trapping assembly43

and is in thermal contact with the cold plate of the cryostat (nominal temperature 4 K). The outer44

cylinder made of aluminium is thermally connected to the middle stage of the cryostat, with a45

nominal temperature of 40 K.46

b. Monitoring the temperature. We monitor the temperature both at the cold plate and at the47

PEEK lens holder, and read respectively 6 K and 57 K when the laser is on. This discrepancy with48

the nominal values is due to the heat generated by the absorbed laser power and the low thermal49

conductivity of the PEEK holder. When the laser is switched off, the trap temperature drops by50

more than 20 K in 1 hour. The heating due to laser absorption can be remedied by using lenses with51

equal NA for trapping and collimating the laser, together with optimizing the thermal conductivity52

of the lens holder.53

c. Measuring the pressure. We use a Bayard-Alpert/Pirani combination gauge. Once the54

base temperature is attained, the gauge reads a pressure of 3× 10−9 mbar at the vacuum chamber55

thermalized at 295 K. This is an upper bound for the pressure at the particle’s location, which we56

expect to be orders of magnitude lower [1].57

d. Optical detection setup. We use four photodetectors to characterize, stabilize, and local-58

ize the particle in the optical trap. First, in the forward direction, we make use of a quadrant59

photodetector (QPD) (Thorlabs PDQ30C) and a polarisation sensitive libration detector (home-60

made balanced detector). We exploit their signals in the characterisation procedure of the particle61

as detailed below. Second, we do homodyne and heterodyne detection on the field scattered by the62

particle back into the trapping lens. We employ a combination of Faraday rotator and polarizing63

beamsplitter to deflect the backscattered field from the forward direction. We derive our feedback64

signal for cold damping of the particle motion from a balanced, homodyne detector (Thorlabs65

PDB210C), for which the backscattered light is mixed with a local oscillator (LO) beam whose66

phase we control with a piezo mirror.67
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To maximize the detection efficiency, it is essential to properly overlap the signal beam (which68

has a dipolar scattering pattern collimated by the trapping lens) and the local oscillator, which has69

a Gaussian mode shape. To this end, we adjust the beam size of the local oscillator with a telescope70

and carefully tune the propagation distance of signal and reference beam to the detector.71

To perform the out-of-loop analysis and sideband thermometry, we use a fiber-coupled bal-72

anced heterodyne detector (Newport 2117-FC-M). Here, the LO beam is frequency shifted using73

two acousto-optic modulators (Gooch&Housego 3080-1912). The first AOM downshifts the laser74

frequency by 80 MHz, while the second upshifts it by 81 MHz (79 MHz) to blueshift (redshift)75

the LO by Ωrf/(2π) = 1 MHz. The resulting detuned LO beam is mixed with the signal in a 50:5076

fiber coupler.77

B. Particle characterization78

We optically trap a silica nanoparticle with a nominal diameter of 100 nm (Nanocomposix).79

The nanoparticles are provided in aqueous solution which we further dilute in isopropanol and80

load into the optical trap with a nebulizer. In order to ensure that the trapped particles are single81

spherical nanoparticles without rotational degrees of freedom, we perform a characterization of82

each object after the trapping process. In the following, we highlight the two procedures we use83

to characterize the size and shape of the trapped objects.84

a. Damping rates of transverse motion. The first method consists of comparing the damp-85

ing rate of the transverse x and y modes of oscillation. At a pressure of few mbar and room86

temperature, we record a time trace of the x and y oscillation modes on our QPD placed in for-87

ward detection (see Fig. 1). Next, we estimate the PSDs from the time traces and fit them to a88

Lorentzian model. From the fit we extract the linewidths, and thus the damping rates, of the cor-89

responding modes. Spherical objects have equal damping rates along both axes [2]. Hence, we90

compute the ratio between the extracted damping rates and use it to identify spherical particles.91

Additionally, we estimate the size of the particle using the measured (absolute) damping rate at92

known pressure and temperature [3]. For the particle used throughout our experiment, we perform93

this characterization at different pressures ranging from 4 mbar to 8 mbar. We estimate a diame-94

ter of (106 ± 5) nm, and a ratio of the damping rate of 0.98 ± 0.04, where the center values are95

averages among several repetitions of the measurement, whereas the errors are the uncertainties96

associated to a single measurement (larger than the spread among the measurements).97
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b. Libration motion. A second characterization method is the detection of a libration motion98

of the trapped object. In a linearly polarized electromagnetic field, an anisotropic scatterer aligns99

itself to the polarization axis and oscillates around this equilibrium position. This libration mo-100

tion is encoded in fluctuations of the polarization of the scattered light, which we measure using101

our polarization sensitive balanced photodetector in the forward direction [4]. If the scatterer is102

anisotropic, a libration mode is visible at frequencies between 400 kHz and 700 kHz.103

C. Parametric particle stabilization104

Throughout our experiment, we stabilize the particle’s position along all three axes using para-105

metric feedback cooling [5]. This reduction of the thermal motion decouples the three center-of-106

mass degrees of freedom, leading to a three-dimensional, effectively harmonic trapping configu-107

ration with the eigenfrequencies Ωx, Ωy, and Ωz as described in the main text. We emphasize that108

the parametric feedback cooling along the z-axis is much weaker than the linear feedback cooling109

described in the main text and can hence safely be ignored in the analysis.110

We implement parametric feedback cooling using three phase-locked loops (PLL), integrated111

in a lock-in amplifier (MFLI from Zurich Instruments). Each PLL generates an oscillating signal112

with constant amplitude and a fixed phase relation to the particle motion along one direction (x,113

y, or z). We feed the sum of all signals (oscillating at Ωx, Ωy, and Ωz) to a digital squaring unit114

(STEMLab Red Pitaya), which effectively doubles the frequencies, and use this signal to modulate115

the intensity of the laser beam using an electro-optic modulator, thereby implementing ‘PLL-based116

feedback cooling’ [6]. We note that on top of the signals at twice the oscillation frequencies, our117

squarer also generates all sum and difference frequencies between the axes. These spurious signals118

do not affect the particle’s motion in practice since they are off resonant.119

D. Data acquisition and postprocessing120

a. Data acquisition. We acquire both the homodyne and heterodyne detector signals by de-121

modulating them at our frequencies of interest using lock-in amplifiers (MFLI from Zurich Instru-122

ments). In particular, we demodulate our homodyne signal close to the eigenfrequency Ωz of the123

particle and denote the demodulated, complex-valued time trace by ihom[t]. The square brackets in-124

dicate the discrete nature of the time trace, which is an array stored on a computer. We furthermore125
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Figure 2. Postselecting the data. The compression cycles of the cryocooler are visible in our interfero-

metric signal at baseband (idc[t] in grey). We identify the cycles (red dotted lines) and postselect 300 ms

long intervals (indicator function in orange) of the time traces containing the particle motion (exemplary for

ihom[t] in blue).

demodulate our heterodyne signal close to the two sidebands generated by the particle’s motion126

around the LO frequency (acquired time traces ir[t] at Ωrf−Ωz and ib[t] at Ωrf +Ωz), and at the LO127

frequency itself (acquired time trace icar[t] at Ωrf). We use 8th order demodulation filters with a128

3 dB low-pass frequency of 5 kHz and a sample frequency of 53.57 kHz. For a typical experiment,129

we acquire 100-second-long demodulated time traces. In addition, we also acquire the homodyne130

detector signal at baseband (idc[t]), which we use both for locking our interferometer with a PI131

loop integrated into the MFLI and to aid in the postprocessing of the data, as described below.132

b. Postselecting the data. The cryocooler periodically (1 Hz) compresses and expands the133

helium gas in the cold head, generating periodic mechanical vibrations on the optical table and the134

trap itself. These vibrations disturb both the interferometric read-out of the particle’s position and135

its motion. In our recorded measurements, we hence postselect the time intervals in between the136

compression cycles. In Fig. 2 we show an example of the homodyne detector signal at baseband137

(idc[t], grey). We also show the real part of the particle’s signal ihom[t] (blue). We identify the138

helium compression cycles from idc[t] as burst signals with a repetition period of 1 s (marked as139

red dotted lines in Fig. 2). Finally, we postselect our demodulated time traces (ihom[t], ir[t], ib[t],140

and icar[t]) by choosing 300-ms-long intervals at a fixed delay in between the bursts (indicated by141
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the orange indicator function). We note that the interval length of 300 ms is much longer than any142

time scale of the particle motion.143

c. Estimation of spectral densities. After the described postselection, we compute the power144

spectral densities (PSDs) of the measured time traces. We estimate the PSD of the acquired ho-145

modyne data according to146

Shom[Ω] = 〈|ihom[Ω]|2〉, (1)

where ihom[Ω] is the discrete Fourier transform (DFT) multiplied by
√
T (with the total acquisition147

time of each realization T ) of the postselected time traces and 〈. . . 〉 is the ensemble average over148

the different realizations.149

In contrast to homodyne detection, the heterodyne detector’s arm lengths are not actively sta-150

bilized, and we have to correct for phase drifts in postprocessing. These phase drifts are reflected151

in the phase of the demodulated carrier frequency icar[t]. Since the frequency components of both152

motional sidebands have a definite phase relative to the carrier, we can remove the drifts from the153

time traces by redefining ij[t] → ij[t]e
−i arg(icar[t]), where j = r, b. After this phase correction, we154

estimate the PSDs of each sideband as well as the cross-PSD between them as155

Srr[Ω] = 〈|ir[−Ω]|2〉, (2)

Sbb[Ω] = 〈|ib[Ω]|2〉, (3)

Srb[Ω] = 〈ir[−Ω]ib[Ω]〉. (4)

We note that the phase correction described above only affects the cross-PSD Srb[Ω].156

E. Electronic filter characterization157

In order to model the in-loop dynamics, we need to characterize the transfer function Hfb of158

the electronic feedback loop (see Fig. 1). To do so, we perform a network-analyzer measurement159

of the electronic components in the loop. The resulting transfer function is shown in Fig. 3a160

(absolute value) and Fig. 3b (phase). Our designed filter contains several elements. First, we161

have a first-order high-pass filter with a 9 kHz cut-off frequency, which we use to remove any162

DC component to prevent saturation of the electronics. Second, we implement two notch filters at163

Ωx/(2π) ≈ 200 kHz and Ωy/(2π) ≈ 250 kHz with a quality factor of 5. This way we prevent the164

feedback from heating the transverse mechanical modes. We also observe two copies of such filters165
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Figure 3. Transfer function of the electronic feedback chain. a, b, Measured magnitude (a) and phase

(b) response of the experimentally used delay filter. The dotted, dashed, and dot-dashed vertical lines mark

the location of the resonance frequency of motion along the z, x, and y axes, respectively.

at around 750 kHz. This is due to aliasiang of the signal during the frequency sweep measurements.166

In fact, the sampling rate is at ≈ 977 kHz, resulting in a Nyquist frequency of 488.5 kHz. Finally,167

we introduce a time delay such that at Ωz the phase response is −π/2. Supposing that the phase168

contribution of the high-pass and the notch filters are negligible at Ωz, one can tune the delay time169

such that Ωzτ = π/2+2πn, where n is an integer. For any n > 1, the larger phase slope lowers the170

value of the feedback gain at which the closed-loop system becomes unstable, limiting the cooling171

performance. Therefore, we choose to implement the smallest possible time delay, which in our172

case is τ ≈ 3.2µs.173

F. Detection noise characterization174

For feedback-based ground-state cooling, it is critical that our in-loop, homodyne detection175

noise is limited by the shot noise of the optical field. In Fig. 4 we show the measured noise176

power on the homodyne detector when only the LO beam is switched on (and the particle signal is177

blocked) as a function of the LO power. The noise power is obtained by integrating the measured178
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PSD from 60 to 90 kHz and normalizing it by the detector electronic background-noise power179

(indicated by the grey line). The LO power is tuned by rotating a half-wave plate in front of a180

polarizer. We observe that the noise power increases linearly with the LO power, thus indicating181

that our detection is shot-noise limited. In the experiment, we operate at 560 µW of LO power,182

where the optical shot noise is 14 dB above the electronic noise floor.183
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Figure 4. Detection noise characterization. Variance of the laser noise as a function of local oscillator

power in homodyne detection. The variance, expressed in dB, is normalized to the variance of the electronic

noise floor of the detector (grey).

III. OUT-OF-LOOP HETERODYNE MEASUREMENTS184

In this section, we detail the characterization of and analysis performed on the out-of-loop185

heterodyne measurements.186

A. Sideband-asymmetry thermometry187

We record the PSDs of the two mechanical sidebands around the heterodyne local oscillator.188

The two sidebands differ in their carried noise power. This asymmetry is related to the mechanical189

zero-point fluctuations and can be used to extract the phonon occupation [7, 8]. In Fig. 5a,b, we190191

show the PSDs of the two sidebands for different feedback gains. In order to quantitatively assess192

the mechanical energy of the particle, we extract the area underneath each sideband. We fit each193

pair of sidebands simultaneously to a theoretical model S jj(Ω) = S
j

bg + |χeff(Ω)|2SjFF , where194

j = r, b and the mechanical susceptibility takes the form χeff(Ω) = m−1/(Ω2
z − Ω2 − iΩγeff). In195
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Figure 5. Sideband asymmetry in out-of-loop heterodyne measurements. a, b, Stokes (a) and anti-

Stokes (b) sidebands, at different electronic feedback gains, normalized to the estimated background level

(grey line). Each sideband pair is simultaneously fitted to a theoretical model. b, Mechanical occupations

(green squares) at different feedback gains. The black solid line is a theoretical model based on an ideal

delay filter with parameters estimated from the in-loop spectra. The errorbars are obtained by propagating

the fit uncertainties (s.d.) of the areas.

the fit model, we allow the two sidebands to assume different force noise S
j

FF , and background196

S
j

bg values, but we constrain them to have the same resonance frequency Ωz, and linewidth γeff .197

The fitted force-noise values are a direct measure of the enclosed area in the two sidebands.198

Thus, the occupation n can be extracted according to199

S
r

FF

S
b

FF

= 1 +
1

n
. (5)

The uncertainties of these areas crucially depend on the precision of the background-noise estima-200

tion from the fitting routine, especially at the largest feedback gain where the signal-to-noise ratio201

becomes small. The estimation of the occupation using the spectral cross-correlation, detailed in202

the following subsection, is robust against this possible source of error.203

Another possible source of systematic error is a frequency-dependent response of the acquisi-204

tion chain (photodetector and DAQ). To rule out this effect, we measure the motional sidebands205

both using a positive and a negative frequency for the heterodyne local oscillator ωLO = ωL −Ωrf,206

where ωL is the frequency of the laser and Ωrf/(2π) = ±1 MHz denotes the frequency shift in-207
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duced with the AOMs [8]. We then extract the phonon occupation according to208

n =

(√
Sr,+FFS

b,−
FF

Sb,+FFS
r,−
FF

− 1

)−1

, (6)

where the ± superscripts stand for the sign of the LO frequency shift. Using this method, any209

frequency dependence of the transfer function of the measurement chain is cancelled. In Fig. 5b,210

we show as green squares the phonon occupations estimated from the asymmetry of the measured211

heterodyne spectra. We also show as a black line the theoretical cooling model extracted from212

the in-loop analysis (see Sec. IV). The errorbars are obtained by propagating in Eq. (6) the fit213

uncertainties (s.d.) of the four areas extracted from the fits (two areas per each frequency of the214

local oscillator). The larger errorbars for lower occupations reflect the reduced signal-to-noise215

ratio in the PSDs.216

B. Cross-correlation thermometry217

To corroborate the measured occupations from the asymmetry of the motional sidebands, we218

perform an additional thermometry measurement based on the quantum correlations between the219

Stokes and anti-Stokes sidebands [9, 10]. The cross-PSD between these two sidebands can be220

expressed as (see Supplement of [10] for a derivation with γeff � Ωz)221

Srb(Ω) = R|χeff(Ω)|2
(
n+

1

2
+ i

Ω2 − Ω2
z

2Ωzγeff

)
, (7)

where R is a constant proportionality factor. In particular, the imaginary part of Eq. (7) arises222

from correlations induced by the zero-point fluctuations, and solely depends on spectroscopic223

quantities easily accessible (resonance frequency Ωz and linewidth γeff) and not on the occupation224

n. Therefore, one can use the imaginary part of the correlator in Eq. (7) as a calibration for the225

real part in Eq. (7), which directly yields the phonon occupation.226

Equation (7) assumes that the reference frame in which such cross-correlations are computed227

is only defined by the reference local oscillator. In practice, the measured cross-PSD S̃rb(Ω) =228

e2iθSrb(Ω) is rotated by an angle θ, which is the heterodyne LO angle with respect to the signal at229

the time when the data acquisition starts. Due to drifts of the interferometer arm lengths, the value230

of θ drifts at a slow rate. In order to factor this out, we exert a coherent, off-resonant driving force231

on the particle at 90 kHz. In the ideal reference frame, the spectral component at the frequency of232

this coherent drive is purely real. Thus, we can extract θ from the phase of the measured correlator233

13



0

1

2

3

60 70 80 90

−0.1

0.0

0.1

70

80

90

0 10 20 30 4010
1

10
2

10
3

10
4

10
2

10
3

10
4

10
0

10
1

10
2

25
30
37
45

25
30
37
45

a

b

c

d

e

Figure 6. Sidebands cross-correlations in out-of-loop heterodyne measurements. a, b, Real (a) and

imaginary (b) parts of cross-spectra, at different electronic feedback gains. Each pair is simultaneously

fitted to a theoretical model and the results are shown as black lines. The grey line marks the zero as a

reference. c, d, Fitted mechanical resonance frequency (c) and effective linewidth (d) at different electronic

gains. e, Extracted mechanical occupations as a function of fitted effective linewidths. The black line is a

theoretical model based on an ideal delay filter and on parameters estimated from the in-loop spectra. The

errorbars are obtained by the fit uncertainties (s.d.).

at 90 kHz according from the expression 2θ = arg(S̃rb[2π × 90 kHz]), in order to then rotate the234

measured cross-PSD into the ideal reference frame. After this calibration, we simultaneously fit235

the real and imaginary parts of the measured cross-spectra to Eq. (7). We choose as free parameters236

the mechanical resonance frequency Ωz, the linewidth γeff , and the overall scaling factor for the237

real part and imaginary parts, respectively cr ≡ R (n+ 1/2) and ci ≡ R. Finally, we compute the238

occupation from the ratio of the two scaling factors, that is, n = cr/ci − 1/2.239

In Fig. 6 we show examples of measured and fitted spectra, as well as an overview of the240

fitted parameters and extracted occupations. We stress that, in contrast to the sideband asymmetry241
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thermometry (detailed in the previous subsection), the method presented here does not rely on242

the precise subtraction of a background noise to estimate the phonon occupation. This makes the243

method detailed here more robust against experimental drifts.244

IV. IN-LOOP HOMODYNE MEASUREMENTS245

Homodyne-based feedback control of mechanical motion has been extensively studied both246

theoretically [11–13] and experimentally [14–17]. Here, we summarize the main equations used247

in our analysis of the in-loop measured spectra, and we report the experimental characterization248

and methods employed.249

A. In-loop detection theory250

We model the dynamics of the feedback-controlled quantum system with quantum Langevin251

equations [13]. This framework allows dealing with the non-Markovianity associated with any252

realistic feedback loop, which renders the adoption of a standard Lindblad master equation ap-253

proach impossible [18]. The system under control is a levitated particle in an initial thermal state,254

undergoing a linearized optomechanical interaction with the trapping field [19]. The initial state255

is therefore a Gaussian one and the linear dynamics of both the evolution and measurement pre-256

serves the Gaussian nature of the states over time. Thus, the quantum dynamics can be described257

in terms of an analogous classical system, with the additional constraints of (i) zero-point fluc-258

tuations present in both the optical and the mechanical degrees of freedom, and (ii) the non-zero259

bound of the Heisenberg measurement-disturbance relation [18].260

Here, we are interested in modelling the spectra measured by the in-loop homodyne detector,261

S
hom

zz , as well as the actual displacement spectra, Szz. In order to stabilize our system, we never262

release it completely from feedback. For the smallest gain setting gel = 0 dB in the main text, the263

induced damping rate γm largely exceeds the intrinsic damping rate given by the bath interaction264

but is small enough that we can neglect any in-loop effects (i.e. the resonant spectral response is265

much larger than the imprecision). The measured homodyne spectrum is then266

S
hom

zz (Ω) = S imp + |χm(Ω)|2S tot
FF , (8)

where χm(Ω) = m−1/(Ω2
z − Ω2 − iγmΩ) is the mechanical susceptibility, and S imp and S

tot
FF are,267

respectively, the imprecision and the total force noise.268

15



The total force noise contains all the fluctuating forces acting on the resonator, which we write269

as270

S
tot
FF =

~2

2πz2
zpf

Γtot (9)

where the total decoherence rate Γtot = Γexc + Γqba, contains the decoherence rate associated with271

the quantum backaction due to random photon recoils Γqba, and the excess decoherence rate Γexc,272

comprising all other sources of decoherence such as collisions with gas molecules and heating273

due to technical laser noise. The imprecision noise, S imp, represents the background floor of the274

measured spectrum, and can be written as275

S imp =
z2

zpf

8πΓmeas

, (10)

where Γmeas = ηdΓqba is the measurement rate and ηd the total detection efficiency.276

We use the measured homodyne photocurrent as the input signal on the control feedback loop,277

the complex transfer function of which we call Hfb(Ω). In general, the only restrictions to this278

transfer function for an experimentally viable loop are (i) to be causal, for real-time control, and279

(ii) to maintain the controlled system stable, for continuous operation [18]. A possible causal280

filter satisfying the stability requirement (up to a certain gain) is a pure delay filter, whose transfer281

function is282

Hfb(Ω) = mΩzγfbe
iΩτ , (11)

where γfb is the feedback gain in units of angular frequency and τ the chosen time delay. Given this283

freedom, the transfer function can in principle be optimized in order to minimize a cost function284

of the controlled system’s degrees of freedom, achieving optimal control [20]. For example, in285

the case of ground state preparation, such a cost function is represented by the mechanical energy,286

which is a quadratic function of the mechanical degrees of freedom for a harmonic oscillator. This287

property, combined with the linear dynamics and the involved Gaussian state, allows us to directly288

make use of the known results from classical linear-Gaussian-quadratic (LGQ) control theory289

[21]. In practice when dealing with a high-Q mechanical resonator, using a non-optimal filter290

results in slightly worse performances, accompanied by a great simplification of the experimental291

implementation. Thus, we decide to follow the latter strategy. We experimentally implement a292

digital delay filter (see Sec. II E), which is the optimal filter for minimizing the mechanical energy293

only in the limit of a strongly underdamped oscillator.294

16



Once we close the loop, Eq. (8) is not valid anymore, and the in-loop effects should be properly295

included to interpret the homodyne measurements. By following a standard derivation [16, 17],296

we arrive at the following expression for the in-loop homodyne spectrum297

S
hom

zz (Ω) = |χfb(Ω)|2
(
S

tot
FF + |χm(Ω)|−2S imp

)
γfb�γm−−−−→ S imp + |χfb(Ω)|2

(
S

tot
FF −m2γ2

fbΩ
2S imp

)
,

(12)

where χfb(Ω)−1 = χm(Ω)−1 −Hfb(Ω) is the mechanical susceptibility modified by the feedback298

loop. In particular, the last term on the right-hand side of Eq. (12) describes the induced correlation299

between the imprecision noise and the mechanical displacement, which is driven by the same300

imprecision noise via the feedback loop. For large gains such that mΩzγfb &
√
S

tot
FF/S imp, these301

correlations result in measured spectral values lower than the imprecision noise, an effect known302

as noise squashing [14, 22].303

Due to the presence of such correlations, Eq. (12) does not describe the actual mechanical304

displacement spectrum at large gains, thus we cannot estimate the occupation from its integration.305

Rather, we need to calculate the actual position spectrum under feedback control as [16, 17]306

Szz(Ω) = |χfb(Ω)|2
(
S

tot
FF + |Hfb(Ω)|2S imp

)
. (13)

B. In-loop homodyne thermometry307

In the following section, we describe the fitting procedure employed for the in-loop spectra and308

for the extraction of the phonon occupation, based on the theory outlined in Sec. IV A.309

First, we analyze the initial spectrum, shown in Fig. 7a, which we take as a reference. This ref-310

erence spectrum results from a combination of linear and PLL-based parametric feedback cooling311

applied to the particle, necessary to keep it trapped in ultra-high vacuum. In this configuration,312

the feedback gain is kept low such that the spectral value at the mechanical resonance frequency,313

S
hom
zz (Ωz), is much larger than the imprecision noise, S imp. Assuming a time delay of τ = π/(2Ωz)314

and approximating the delay filter’s phase response constant around the mechanical resonance fre-315

quency (which is valid in the limit γmτ � 1), the feedback only modifies the linewidth of the316

mechanical susceptibility in Eq. (8), with negligible induced correlations. The effective linewidth317

can be expressed as γeff ≈ γfb = γmgel, where γm is the induced linewidth at unity gain gel = 1.318

We fit the initial reference spectrum to the model of Eq. (8). From the fit, we extract a me-319

chanical resonance frequency of Ωz/(2π) = 77.6 kHz and a linewidth of γm/(2π) = 21.9 Hz.320
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Figure 7. Fit results. a, Reference displacement spectrum measured by the homodyne detector at the

smallest feedback gain, with a fit to a model (black line). In light red we show the spectral features excluded

from the fits. b, Fitted feedback gains, γeff , as a function of the experimentally tunable electronic gains gel.

Coloured dots come from fitting the corresponding spectra shown in Fig. 3a of the main text. The black

squares are the full-width-half-maximum extracted from the computed actual displacement spectra. The

grey line is a guide for the eye, and represents the expected linear relation.

In addition we extract the total force noise and the imprecision noise, which are still in electrical321

units at this stage.322

Next, we record homodyne spectra as we increase the linear feedback gain. The spectra are323

shown in Fig. 3a of the main text. We fit each of these spectra to the full in-loop model of Eq. (12).324

We fix the mechanical resonance frequency, linewidth, total force noise and imprecision noise325

from the previous fit of the initial spectrum. Also, we independently measure the feedback loop’s326

complex transfer function and interpolate it (see Sec. II E), then we use it in the definition of the327

fitting function. The only free parameter left is the feedback gain (γfb) multiplying the entire328

transfer function. In Fig. 7b we show the fitted gains for each spectrum as a function of the329

electronic gain, showing the expected linear relationship.330

We notice that we exclude in our analysis three spectral features, highlighted in light red in331

Fig. 7a. The components at 66.3 kHz is an electronic noise peak generated by the ion pressure332

gauge used in the experiment. Regarding the component at 73.5 kHz, we hypothesize it originates333

in the frequency noise of the laser, and it translates into a force via a residual longitudinal standing334

wave present in the optical trap (due to spurious back-reflections). Finally, the component at335

90 kHz is a calibration force we employ to analyze the heterodyne signal (see Sec. III). All three336

18



components are coherent (i.e. their linewidth is Fourier-limited), thus do not contribute to the total337

displacement fluctuations. The same three components are excluded also from the out-of-loop338

measurements analysis.339

After fitting the in-loop spectra, we extract the mechanical energy by integrating the position340

and momentum spectra, according to341

n =
mΩ2

z〈z2〉+ 〈p2
z〉/m

2~Ωz

− 1

2
=

∫ ∞
0

dΩ

(
1 +

Ω2

Ω2
z

)
Szz(Ω)

2z2
zpf

− 1

2
. (14)

We notice that the integration is done over both the position and the momentum spectrum, as342

deviations from the equipartition theorem become significant when γeff ≈ Ωz [13]. For each343

electronic gain, we compute the actual displacement spectrum by using Eq. (13), with the set of344

parameters estimated from the initial spectrum (Ωz, γm, S
tot
FF and S imp), the fitted gain from the345

in-loop spectrum (γfb), and the interpolated transfer function (Hfb). As a final step, we need to346

calibrate the measured mechanical energy from units of V 2 to phonons. To do that, we anchor347

the energy extracted from the in-loop homodyne spectrum at gel = 20 dB to the one extracted by348

the sideband asymmetry thermometry at the same gain, that is n25 dB = 5.1± 0.1. The calibrated349

occupations extracted from the in-loop analysis are reported in Fig. 3b of the main text. The350

effective linewidth in this figure are extracted as full-width-half-maximum from the computed351

displacement spectrum, Szz(Ω).352
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