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Measurement of gravitational coupling
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M Check for updates

Gravity is the weakest of all known fundamental forces and poses some of the most
important open questions to modern physics: it remains resistant to unification within
the standard model of physics and its underlying concepts appear to be fundamentally
disconnected from quantum theory' ™. Testing gravity at all scales is therefore an
important experimental endeavour®”. So far, these tests have mainly involved
macroscopic masses at the kilogram scale and beyond®. Here we show gravitational
coupling between two gold spheres of 1 millimetre radius, thereby entering the regime of
sub-100-milligram sources of gravity. Periodic modulation of the position of the source
mass allows us to perform a spatial mapping of the gravitational force. Both linear and
quadratic coupling are observed as a consequence of the nonlinearity of the
gravitational potential. Our results extend the parameter space of gravity measurements
tosmall, single source masses and low gravitational field strengths. Further
improvements to our methodology will enable the isolation of gravity as a coupling force
for objects below the Planck mass. This work opens the way to the unexplored frontier of

microscopic source masses, which will enable studies of fundamental interactions
provide a path towards exploring the quantum nature of gravity
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Thelast decades have seen numerous experimental confirmations of Ein-
stein’stheory of relativity, our best working theory of gravity, by observ-
ing massive astronomical objects and their dynamics®'*. This culminated
intherecentdirect detection of gravitational waves from the merger of
two black holes” and the directimaging of a supermassive black hole'®.
Meanwhile, Earth-bound experiments have been continuously increas-
ingtheir sensitivity to gravity phenomena at laboratory scales, including
generalrelativistic effects'®?, tests of the equivalence principle®?, preci-
sionmeasurements of Newton’s constant??**and tests of the validity of
Newton’s law at micrometre-scale distances® . Although test masses
in such experiments span the whole range from macroscopic objects
toindividual quantum systems'**?*?8 the gravitational source is typi-
cally either Earth or masses at the kilogram scale and beyond?®. This is
contrasted by anincreasing interest to study gravitational phenomena
originating from quantum states of source masses, for example, in the
form of ‘quantum Cavendish experiments?*? Because quantum
coherenceiseasily lost forincreasing systemsize, itisimportanttoisolate
gravity as a coupling force for as small objects as possible.
Experiments with smaller source masses are much more difficult—the
gravitational force generated at a given distance by a spherical mass of
radius R shrinks with R>—and hence only few experiments have so far
observedgravitational signatures of gram-scale mass configurations?>%.,
Inone case, ahole patterninarotating, 5>-cm-diameter attractor disk made
from platinum generated a periodic mass modulation of afew hundred
milligrams, whichwasresolvedinatorsional balance measurement”. In
another case, a single 700-mg tungsten sphere was used to resonantly
exciteatorsion pendulum®. Isolating gravitational interactions generated
by evensmaller, single source-mass objectsis achallenging task because

itrequiresincreasingefforts toshield residual contributions from other
sources of acceleration, in particular of seismic and electromagnetic
nature®. In addition, resonant detection schemes, which are typically
employed to amplify the signal above the readout noise, amplify displace-
mentnoiseaswell, and hence donotyield any gainin terms of separating
the signal from other force noise sources. Here we overcome this limita-
tion by combining time-dependent gravitational accelerations with an
off-resonant detection scheme of awell balanced differential mechanical
mode andindependent noise estimation. Inthis way, we canmeasure the
gravitational field of single source masses smaller than100 mg.

Experiment

In our experiment, the gravitational source is a nearly spherical gold
mass of radius R=1.07 + 0.04 mm and mass m;=92.1+ 0.1 mg. Asimilarly
sized gold sphere acts as a test mass of m,=90.7 + 0.1 mg. The idea is
that a periodic modulation of the position of the source mass gener-
ates a time-dependent gravitational potential at the location of the
test mass, theacceleration of which is measured inaminiature torsion
pendulum configuration (Fig. 1). The experimentis conductedin high
vacuum (6 x107 mbar), which minimizes residual noise from acoustic
coupling and momentum transfer of gas molecules® (see Methods).
To prevent nonlinear coupling of high-frequency vibrations into the
relevant low-frequency measurement band around the modulation
frequencyf;,,s=12.7 mHz, the support structure of the pendulumrests
onsoft, vacuum-compatible rubber feet®.

We optically monitor the angular deflection of the pendulum, which
provides a calibrated readout of the motion of the test mass with a
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Fig.1|Experimental setup. a, Schematic of the experiment. The torsion
pendulum, whichactsasatransducer for gravitational acceleration, consists
oftwo gold spheres of radius r=1mmheld at 40 mm centre distance by aglass
capillary. One mass serves as a test mass (m,=90.7 mg) and the other
(m,=91.5mg) as counterbalance that provides vibrational-noise
common-mode rejection. A4-pm-diameter silica fibre provides asoft
(fo=3.6 mHz) torsional resonance that is well separated from other degrees of
freedom. The torsionangleisread out viaanopticallever directedtoa
quadrant photodiode. The gravitational interactionis modulated by
harmonically moving the source mass (m,=92.1mg) by about3mmata
frequency off,,,s=12.7 mHz, well above the torsion resonance, using ashear
piezo.Directelectrostatic couplingis suppressed by dischargingandbya
150-pm-thick Faraday shield. b, The source massonaleurocentcoin.c,
Photograph of the torsion pendulum and the mounted source mass.

detector-noise-limited sensitivity of about 2 nm Hz 2 Figure 2 shows an
amplitude spectrum of the displacement of the test mass. The torsional
moderesemblesadamped harmonicoscillator withresonance frequency
fo=3.59 mHzand mechanical quality factor Q=4.9.Itis well decoupled from
other oscillationmodes of the pendulum, whichdonotappearbelow 0.5Hz.
Diurnalvariationsin thelow-frequency noise floor limit the times of highest
sensitivity tothose hours during the night whenlocal publictransportand
pedestrianand car trafficare minimized (typically between midnight and
5a.m.). Then, the oscillation of the test massis mainly governed by thermal
noise (see Methods). The corresponding force spectrum is obtained by
deconvolution of the test-mass displacement time series with the inverse
of the deduced mechanical susceptibility. The spectrum exhibits a flat
noise floor that allows off-resonant detection of test-mass accelerations
atfrequencies of upto0.1Hzatasensitivity better than2 x10™ ms2within
halfaday. We use this to obtain alive estimate of the pendulum noise con-
ditions, whichis combined withinverse-variance weighting of the datato
optimize the information obtained per experimental run.

The source massis mounted ona300-um-diameter titanium rod that
isconnected to abending piezo, which provides atravel range of more
than 5 mm in the vicinity of the test mass. The geometric separation
of the masses is determined with an accuracy of 20 pm by linking the
drive piezo signal to position information fromvideo tracking through
atemplate-matchingalgorithm (see Methods). During the experiment,
the centre distance between source and test mass is varied between
2.5mmand 5.8 mm, witha minimal surface distance of about 0.4 mm.

Toisolate gravity asacoupling force, we need to minimize other influ-
enceson the test mass. Inaddition to seismic and acoustic effects, these
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Fig.2|Spectrum of asingle measurement run. The rotation of the torsional
oscillator, measured over a period of13.5h, is calibrated via the test-mass
displacement (blue solid line) and the corresponding exerted force (red solid
line). The measurement is limited by both thermal noise (dashed line) and
diurnally varying white force noise below 100 mHz, whereas white
displacementreadout noise (dotted line) dominates above 100 mHz. The
torsional motionis well decoupled from other oscillator modes, starting at
0.5Hz.Forceresiduals (yellow solid line) represent the difference between
measured and expected gravitational force. The spectrum shows gravitational
coupling atamodulation frequency of f,,,s=12.7 mHz and nonlinearity of the
gravitational potential at 2f,,,,=25.4 mHz, well above the resonance frequency
fo=3.59 mHz of the oscillator. The flatness of the force residualsindicates that
bothsignalsarein agreement with the expected gravitational signal. Other
sources of nonlinearity are found to be negligible (see Methods).

are predominantly electromagneticinteractions. We ground the source
mass by directly connecting it to the vacuum chamber. The test massis
discharged to less than 8 x 10* elementary charges using ionized nitro-
gen*, amethod that was developed for charge mitigation in interfero-
metricgravitational-wave detectors”. Further shielding is provided by a
150-pm-thick conductive Faraday shield of gold-plated aluminium thatis
mounted between the source and test masses. In that way, electrostatic
forcesare suppressed to well below 3% of the expected gravitational cou-
plingstrength. Other shielding measuresinclude housing the source-mass
drive piezo inside a Faraday shield to suppress coupling via the applied
electricfields, as well as gold-coating and grounding most surfacesinside
the vacuum chamber to exclude excitation from time-varying charge
distributions. We also rule out the presence of relevant magnetic forces
byindependently measuring the magnetic permeabilities of the masses.
As expected, permanent magnetic dipoles are negligible in both (dia-
magnetic) gold and (paramagnetic) titanium. Coupling viainduced mag-
netic moments, either from Earth’s magnetic field or from low-frequency
magnetic noise originating in nearby urban tram traffic, is also found
to be orders of magnitude below the expected gravitational coupling
strength. Inthe current experimental geometry, Casimir forces are neg-
ligible, although they probably become a dominant factor for consider-
ably smaller masses®. Another relevant noise source is Newtonian noise,
whichis caused by non-stationary environmental gravitational sources
and cannot be shielded from. For comparison, at a centre separation of
2.5mmthe static gravitational force between our masses is expected to
be 9 x10™ N. The same gravitational force is exerted on the test mass by
an experimenter standing at a distance of 2.5m, or by a typical Vienna
tram at 50 m distance from the laboratory building. Consequently, our
experiment experiences acomplexlow-frequency gravitational noise of
urban origin. Itis obvious that such gravitational noise sources will pose
anincreasing challenge for future experiments. At present, our torsion
pendulum s sufficiently small compared to the distance of typical envi-
ronmental sources to be insensitive owing to common mode rejection.

Results

We observe gravitational coupling between the two masses by har-
monicallymodulating the source-mass positionx,=d, +d,,coS(2Tf,,0qa + @)



Measured modulation force (fN)

b : « Weighted mean
20- Bootstrap s.d.
— Newtonian fit
! ---- CODATA G
- e

3.0 3.5 4.0 4.5 5.0 5.5
Center-of-mass distance (mm)

Fig.3|Spatial mapping of the gravitational force. a, The probability density
distribution of the exerted force versus source-test mass separation shows the
spatial nonlinearity of the source-mass potential. This method makes full use
of our measurement data by taking into account weighting with the current
noise conditions. The apparent width of the distributionis mainly given by
noise at frequencies other than that of the modulation (a.c. force). b, The actual
measurement precision becomes apparent by extracting the mean of the force
measured atgiven distances (red points) along with their standard deviation
obtained by bootstrapping (pink band). We note that the small statistical error
collapses the error band to a narrow pinkline. A full-weighted fit of the
13.5-h-long data segment with Newtonian gravity (black line) yields

G, =(5.89+0.20) x10 ™" m*kg™s?, whichisinagreement with our long-term
combined value (see Fig. 4). Comparison with the literature (CODATA) value
Geopara=6.67 x10"' m*kg™ s (dashed line) and our known systematic errors
shows thatinfluences other than gravity are below 10%.

atafrequency of f,,,s=12.7 mHz, well above the fundamental torsional
pendulum resonance (mean centre-of-mass distance, d,; modulation
amplitude, d,,). In this frequency regime, the test-mass response
becomesindependent of the pendulum properties and behaves essen-
tially asafree mass. According to Newton’s law, the source mass gener-
ates a gravitational acceleration of the test mass of a; = Gm,/x2(t)
(G,Newton’s constant). The1/r dependence of the gravitational poten-
tial results in higher-order contributions to the coupling at multiples
of the modulation frequency f;,.4. Figure 2 shows the measured force
spectrum of the test mass for a distance modulation of d,, = 1.6 mm at
acentreseparation of d,=4.2mm, where we resolve the linear and quad-
ratic acceleration modulations at f,,.q and 2f,,.,, respectively. The flat
noise residuals clearly indicate that the observed peak heights agree
wellwiththe expected force modulation due to Newtonian gravity. This
confirms the gravitational origin of the interaction.

To more accurately quantify the strength of the coupling, we cor-
relate the measured separation x, between source and test mass with
theindependently inferred force onthe test mass. This provides us with
a position-dependent mapping of the gravitational force (Fig. 3). All
dataevaluationis carried outin post-processing and using non-causal
zero-phase filtering (see Methods). Each dataset, consisting of up to
13.7-h-long measurements, is fitted using the expression for Newtonian
gravity to obtain a value for the measured coupling strength.

Figure 4 summarizes the results of a series of measurements that
were taken during the seismically quiet Christmas season. The weighted
combination of measurement runs yields a coupling constant of
Gomp = (6.04 £ 0.06) x 10" m> kg™ s2, with a statistical uncertainty
of 1% (all errors reported are 1s.d.). The observed coupling devi-
ates from the recommended CODATA value for Newton'’s constant
(Geopara=6.67430(15) x 10 m*kg™"'s2) by around 9%. This offset is fully
covered by the known systematic uncertainties in our experiment,
which include unwanted electrostatic, magnetic and gravitational
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Fig.4|Collection of measurement runs. Over astretch of three weeks during
theseismically quiet Christmas season, atotal of 29 measurement runs were
conducted, with electrostatic coupling being characterized during periods
shadedingrey. The dataset presentedin Figs. 2, 3is highlighted in black (run1).
Thestatistical error (loerror bar) of the best-fitting Newton-like coupling of
each datasegment (darklines) varies because of highly non-stationary noise in
the measurementband. Combining individual measurements weighted by
their respective data quality yields G o, = (6.04 +£0.06) x 10 "' m*kg ' s2. The
plotted systematic uncertainty (red dashed line) includes the identified
systematicinfluences from the experiment as summarized in Extended Data
Table 2. We explicitly do not claim asignificant systematic deviation of the
combined coupling value from the CODATA recommended value (blue
dashed). The experimentand its data evaluation was mainly designed with the
reduction of statistical errorsin mind, and the deviation s fully covered by the
known experimental systematics.

influences from the masses and supports, as well as geometric uncer-
tainties in the centre-of-mass distance due to the actual shape of the
masses (we provide a detailed list in Methods). Our results show that
we are able to isolate the gravity of a single, small source mass, with
other influences being below the 10% level. The small statistical error
underlines the precision character of our measurement and our ability
tomeasure even smaller source masses with our approachin the future.

Discussion and outlook

We have demonstrated gravitational coupling between a test mass and
a90-mg spherical source mass. To our knowledge, this is the smallest
single object whose gravitational field has been measured. Our meas-
urements resolve an acceleration modulation of about 3x10°msat
the drive frequency f;,.q with high accuracy, quantified by a systematic
uncertainty of around 3 x 10 m s, and high precision, quantified by a
statistical uncertainty of about 3 x10™ m s over an integration time of
350 h. Contributions of non-gravitational forces were kept below 10%
of the observed signal. Our results extend gravity experiments to the
regime of small gravitational source masses, with the potential of going
considerably smaller. Given that our current sensitivity is limited by the
thermal noise floor of the torsion pendulum when operated under opti-
mal ambient conditions, it can be readily improved by increasing the
mechanical quality factor Q. Probing the gravity of objects even smaller
than the Planck mass (m, =22 pug=2.4 x10"*m,) should become possible
for Qz20,000 (see Methods). The thermal-noise-limited force sensitiv-
ity of such miniature torsion pendula can be improved even further by
dissipation dilution, as recently demonstrated®. Another interesting
routeisto use levitated test masses, which provide almost perfect charge
mitigation and similar acceleration sensitivities* *'. To make full use
of improvements in thermal noise, it isimportant to understand and
to mitigate other, predominantly anthropogenic, low-frequency noise
sources that currently dominate our measurement performance most
ofthetime. Possible countermeasures include the appropriate choice of
aremotelaboratory location or pushing the experiment to much higher
pendulum frequencies®*. Going to smaller masses will involve additional
challenges, because other noise contributions will play anincreasing role.
Forexample, evenfor theideal case of electrically neutral source and test
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masses, Casimir forces willbecome relevant at distances below 100 pum.
Wenote, however, that electromagnetic shielding combined with signal
modulationcanovercomethis particular challenge. We also note that our
method allowed us to directly measure the position dependence of the
gravitational force, which constitutes aone-dimensional mapping of the
gravitational field strength. A more complex test-mass geometry may
enable full mapping of the metric tensor of such small source masses®.

Our experiment provides aviable pathto enter and explore aregime of
gravitational physics thatinvolves precisiontests of gravity withisolated
microscopic source masses at or below the Planck mass. This opens up
possibilities such as a different approach to determine Newton'’s con-
stant®, which so far remains the least well determined of the fundamental
constants*, In general, miniaturized precision experiments may allow
tests of the inverse-square law of gravity at considerably smaller scales
than possible today (the best reported value is of the order of 50 um)?,
thereby probing, for example, fundamental features of string theory
such as extra dimensions and massless scalar particles*. Small source
masses also allow usto test the consequences of speculative scalar fields
that have been discussed in the context of dark energy® ™. More stringent
parameter constraints for so-called chameleon forces may already be
possible for source massesat the level investigated here®. Another exam-
pleisexperimentalaccessto gravitational accelerations at or evenbelow
thelevel of galaxy rotations. Modification of Newtonian dynamicsin this
regime has been suggested as an alternative to dark-matter scenarios*,
and some of these models can therefore be directly tested”. Finally,
the ongoing discussion on the quantum nature of gravity has revived
agedankenexperiment by Feynman to probe gravitational coupling
between quantumsystems™ . The underlying questioniswhetheritis
possible to probe gravitational phenomena that cannot be explained by
apurely classical source-mass configuration'. Such experimental tests
have sofarbeenimpossible, because they require the ability to prepare
quantum states of motion of the source mass. Because decoherence
phenomena scale markedly with system size, isolating the gravity of
microscopic masses is a prerequisite for such future experiments. Our
result providesafirst stepinthis direction—although we stress that, with
current quantum experiments using sub-micrometre-sized objects of
1077 kg (refs. ***°), adding quantum coherence to experimentsin therele-
vant mass regime remains acompletely different experimental challenge.
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maries, source data, extended data, supplementary information,
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Methods

Torsion pendulum

Geometry. The torsion pendulum consists of the test mass
(m,=90.7 mg) and acounterbalance mass (m,=91.5mg). The masses are
rigidly connected by a37.9-mm-long, square-shaped glass capillary with
anouter dimension of 0.4 mmand wall thickness of 0.1mm (9.6 mg). Itis
supported by a35-mm-long quartzfibre pulled down to 3.6 um diameter
overa20-mmsectionat the centre for maximal torsional compliance.
The 5-10-mm-long, up to 50-pm-wide taper region below this torsion
sectionincreases the pitch and roll stiffness for better mode separation
and provides a bigger cross-section for attachment to the capillary.
The attachment point is tuned to minimize static roll to <10 mrad. A
5.85-mm-wide, 0.3-mm-thick, hand-ground and gold-coated mirror
(27.0 mg) is attached underneath the capillary for deflection readout
of the torsion (yaw) angle. This turns to point downwards by 50 mrad
in pitch, potentially coupling the non-torsion motion—in particular
roll—into the yaw readout as well. All connections are established by
anultraviolet-curing adhesive. The fundamental mode frequencyf, is
determined by the stiffness of the suspension fibre and the effective
mass mee=183.8 mg = m, +m,=182.2 mg. The effective mass is almost
minimal, thatis, hugely dominated by the two gold masses for the bal-
anced, differential mode used here. It can only be reduced further by
using asingle mass in anon-differential setup—which would then, how-
ever, be subject to the full environmental translational acceleration.

Pendulum characterization. Because we aimto characterize the gravi-
tational force exerted by our source mass, we quantify the test-mass mo-
tion by its spatial displacement rather than by the pendulum deflection
angle. The amplitude spectrum of the test-mass displacement (shown
inFig. 2) follows the slope of the mechanical susceptibility of adamped
harmonic oscillator, which is solely defined by its eigenfrequency f,,
mechanical quality factor Qand mass m.. (Owing to the low frequency
of the observation and the extremely good frequency separation of
the mechanical modes of a torsion pendulum in general, all transfer
functions except the mechanical susceptibility of the yaw mode can
beneglected.) The eigenfrequency and mechanical quality factor were
obtained by afit to the spectrum as f, = 3.59 mHz and Q =4.9. Both pa-
rameters were verified during measurement runs and independently
by aring-down measurement with relatively small amplitude. For larger
amplitudes, we observe asizable decrease in mechanical losses. Values
in excess of Q=2 x10* were observed for larger amplitudes (-1t rad)
and different rest positions. The effective mass was determined by
weighing and modelling allcomponents except for the small amounts
of glue that were used.

The drive frequency f,,.q was chosen to lie well above the torsion
resonance (-3.6 mHz), but far away from other, highly excited modes
(for example, around 500 mHz and 700 mHz) and sufficiently below
the readout noise (-100 mHz), such that the 2f,,,4 (and eventually the
3fmoa) signal could be resolved. The reason for choosing12.7 mHzis to
prevent frequency mixingin nonlinear systems, such as discretization
and clipping of narrow-band signals, to accidentally match with the
gravitational signal.

By choosing the signal frequency in such a way, the test mass effec-
tively behaves like a free mass (m.) (more precisely, if the signal fre-
quency is well above the mechanical linewidth, y,/(2m) =f,/Q, that is,
fmoda > v/(21) = 0.7 mHz). Hence, in this regime the response is mostly
independent of the resonant enhancement factor Q and the resonance
frequencyf,.

Prospects towards smaller masses. The experiment presented here
verifies our approach to isolating gravitational coupling of
100-mg-sized objects. The achieved signal-to-noise ratio (SNR) of
6.04/0.06 =100 already allows measuring the gravity exerted by
1-mg-sized objects with SNR =1 fora measurement duration of ~-150 h.

We note that our current measurement runs undergo diurnal variations
in the noise floor, to which the thermal noise of our Q=4.9 oscillator
assembly poses a hard limit. To make better use of our measurement
time (SNR < T;,..,.), we mustimprove our understanding and reduce the
coupling of daytime environmental noise. Furthermore, mechanical
quality values in excess of Q=2 x10* have been observed even for this
particular pendulum. Because the off-resonant thermal noise ampli-
tude decreases with 1/@, this provides a factor of ,/20,000/5 = 65
improvement over the current sensitivity. Combined, these aspects
show the potential of our approach for sensing the gravitational field
ofaPlanck-mass-sized object (m, =22 pg).

Calibration

Optical-lever readout. The angular position of the torsion balance
isread out by means of an optical lever using 1.8 mW of laser light (In-
nolight Mephisto) with an angle of incidence of -50 mrad. The sig-
nal is obtained as the horizontal differential photo-voltage V, of an
off-the-shelf quadrant photodetector (QPD; Thorlabs QPD80A; sum
voltage V,,,) withahighdynamicrange (0.2-0.5V,/V,,.,) and low noise
(-2x10°°V,/V,,.n Hz¥?) in its approximately linear region of 0.5 mrad.
The data are sampled by a Picoscope 4824 oscilloscope at 250 and
286 samples per second (anti-aliasing filter at 132 Hz) and digitally
downsampled by a factor of 10. The analogue-to-digical converter
(ADC) provides 12-bit resolution (£10 V full scale, 4.9 mV resolution).
Although we oversample the signal, the high-frequency quantization
noiseisimproved when using even higher datarates. Reducing the full
range would also help, but we require it to cover large low-frequency
amplitudes, in particular during noisy times of data acquisition.

For future experiments, the actual (not quantization-noise-limited)
readout sensitivity canbe improved by using interferometric methods,
although at the cost of limited absolute range. Systematic calibration
errors can be substantially reduced by exchanging the current readout
with a perfectly linear, self-calibrating auto-collimator at the expense
of increased complexity and limited oversampling capability™.

Position calibration. Position calibration of the test-mass motion
was carried out by measuring the pendulum yaw deflection both via
the optical lever and, independently, via video tracking. For the lat-
ter measurement, the torsion pendulum was recorded from the top
with a resolution of 24 um per pixel, with both gold spheres being
pattern-tracked to obtain the deflection (compare Methods section
‘Distance measurement’). Each method contributes its own error:
for small amplitudes, the video-tracked deflection angle is relatively
noisy, whereas at large deflections the optical transfer function of the
QPD readout becomes nonlinear. For our calibration, the pendulum
was excited to an amplitude of ~125 um, largely exceeding the linear
detectionrange.

In the ideal case, the rotation angle and the normalized QPD signal
arerelated viathe Gauss error function. Inour case, clipping and other
effects degrade this relation at large amplitudes. Because our experi-
ment is confined to small deflections, we require agood calibration only
inthe central QPD range. Therefore, a3rd-order polynomial was fitted
tothedatasurrounding V,/V,,,=0.09 toserve as yaw angle calibration
for all our QPD data.

Force calibration and force noise estimate. A major feature of
off-resonant detection is in our case the flatness of the force noise
floor around the signal. This allows us to obtain alive estimate of the cur-
rent noise conditions without additional sensors. Known narrow-band
signals, such as f;,,s and harmonics, are removed from the inferred
forcesignal, and the instantaneous amplitude inthe 5-75mHzband is
obtained by the absolute value of the signal plusits Hilbert transform.
Specifically, evaluating amplitude (real part of complex signal) and
change of amplitude (imaginary part) gives a continuous estimate
for the noise coupling into the system. The goal of the algorithm is to
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identify excess excitation segments of the data that occur over along
time, in particular to minimize the data degradation from the some-
times up-to-tenfold increased noise conditions during daytime. We
therefore low-pass-filter (moving average, 1/f,,,q =79 s) the instantane-
ousamplitude and use the result for inverse-variance weighting of the
measurement data. Compared to completely vetoing data during noisy
conditions, this allows to make use of the full measurement time under
these extremely non-stationary conditions. By employing this method,
we could optimally combine atotal of 350 h of non-stationary measure-
ment time, which is worth ~150 h of higher-quality data, as presented
inFigs. 2,3, into the single evaluation shownin Fig. 4.

Non-stationary environmental conditions. Each datachunk contains
upto13h53 minofdata(5x10*s). Todisplay the time evolution of our
noise, we perform a spectral density estimate on 1-h segments using
Welch’s method with 20-min-long segments and 50% overlap (Extended
DataFig. 2). (We note that the spectral resolution is inversely propor-
tional to the integration time and therefore worse for the segmented
spectrathanin Fig. 2. In addition, the gravitational signal is smaller
for these short segments because less of the signal is integrated. If we
choose the amplitude spectrum representation instead, our signal
will remain at the same height but the noise floor will rise, because less
noiseis averaged out.)

The low-frequency noise (below -100 mHz) is dominated by the actual
motion of our torsion pendulum. Although we reach the theoretical
thermal noise limit of the damped harmonic oscillator during quiet
times, we observe up to 10 times higher noise levels during other times
ofthe day. The origin of this noise has not been fully identified yet (see
also Methods sections ‘Seismic noise’ and ‘Magnetic interaction’ for
more details). However, it always exhibits the same pattern: within1-h
segments, the noise appears to be white in terms of the force exerted
onto the test mass, but its level varies slowly. The noise power is well
correlated with the diurnal variability of anthropogenic noise, be it
in higher-frequency seismic activity (evidenced by the excitation of
the 0.7-Hzmode) orin10-mHz magnetic fields. Nights are better than
daytimes, even with nobody being presentinthe laboratory. Weekdays
present worse conditions compared to weekends and public holidays.
Therefore, the Christmas 2019 time was exceptionally well suited for
the low-noise measurements presented here.

Athigher frequencies, above -100 mHz, the noise flattens out (except
for higher-order modes) at a readout noise level of 2 x 10" m Hz 2,
Because this noise furtherimproves with increased sampling frequen-
cies, itis suspected to be quantization noise.

Data evaluation

Data handling. All data are sampled by a Picoscope 4824 at 250 or 286
samples per second using the internal clock. The ADC provides 12-bit
resolution (10 V full scale, 4.9 mV resolution). A typical data trace
spans5x10*s, just short of 14 h. An analogue anti-aliasing filter at 132 Hz
isapplied to the horizontal difference of the photodiode quandrants
toremove high 50-Hz harmonics (room light) and other narrow-band
large-amplitude signals. The QPD signals are digitally de-rotated by
~20 rad, which maximizes the sensitivity to the torsion motion while
minimizing the impact of pitch motion (vertical spot motion). The
calibration procedure described earlier provides asignal correspond-
ing to test-mass displacement. From this, the force signal is deduced
as described below. At this point, the momentary noise estimation
signalis deduced, processed with the other channels. Only after that,
the signals are digitally down-sampled by a factor of 10 (a 10th-order
Chebyshevtype1low-passfilter witha cut-offfrequency 0.8 times the
new, reduced, sampling frequencyf; .., with the response at f;,4 nor-
malized to unity, is applied before the decimation) to reduce the
amount of data. The initial oversampling reduces the digitization noise
(optimally by a factor of /10). Finally, the signals are cropped—thatis,
usually the first 5% are removed. Besides eliminating general edge

effects of any filters, this mainly reduces the ring-in effect of the force
estimation.

Force inference. In general, adamped harmonic oscillator can be
represented by a2nd-order low-pass filter. The mechanical susceptibil-
ity y(w) is defined as the transfer function from the externally applied
force E,(w) to the induced displacement X (w),

_Xw) 1
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Atagivenfrequency w, x is defined by the (viscous) damping rate

Y =w,/Q, the (un-damped) resonance frequency w, and the effective

mass m.¢ We map this to a zero-pole gain (zpk) representation
!
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(where the notation < stands for ‘must be mapped to’) inthe Laplace

domain (s=a+ib,whereaand b arereal numbers and we choosea=0)

by means of a pair of complex conjugate poles (p,, p;) and a d.c.
response k (which contains the unit conversion). We find
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Aslong as the zpk representation of a system is known, then the
time-domain responsex(t) canbeinferred fromthe driving force F,,.(¢)
without solving the equation of motion, by the following recipe; for
example, using the MATLAB built-in functions zp2tf(-), bilinear(-) and
Sutfie():

1. convert the zpk model withzeros zand poles p toits transfer func-
tionformdefined by the numerator numand the denominator den by
[den, num] =zp2tf(z, p, k) (appropriate k must be chosen to take into
account the re-normalization by placing poles/zeros),

2. convert a continuous time model to filter the coefficients bd,
ad of a discrete time model sampled at frequency f; by [bd,ad] =
bilinear(den, num,f,),

3.apply thefilter by x =filtfilt(bd, ad, F).

Whereas steps1and 2 are more or less technical re-definitions, step

3 convolves the force time series with the impulse response in a very
resource-friendly manner.
We use this methodin reverse by inverting the mechanical susceptibility,
which is equivalent to exchanging poles and zeros (p,, > z5, o > pg)
and k - 1/k’) to infer the force F,,, required to produce the measured
displacementx(¢). To avoid an unphysical (infinite) response at or above
the Nyquist frequency f =f,/2 from the two zeros, we must limit the
response by a pair of compensation poles. By allowing them to be com-
plexaswell, their phase loss around the detection band can be limited.
Instep2, we apply pre-warping at 100 mHz to reduce malicious effects
onto the transfer function. The compensation poles are chosen to lie
at Weomp =21 X 1HZ With Q,p,,=3. This choiceis verified not toinfluence
the measured gravitational signal considerably (compensation pole
in Extended Data Table 2).

(3)

Data visualization. The spectrum estimate shown in Fig. 2 was pro-
duced by Welch’s method (pwelch(-)). Each time the series is divided
into five blocks with 50% overlap and tapered by a Hanning window.
The spectrum estimates of the blocks are then averaged. Hence, the
noise floorin the figure is elevated but smoothed out compared to that
achieved by performing a single spectral estimate on the whole trace
atonce. The residuals shown in the plot are a spectral estimate of the
difference of the measured force signal (red trace) and the expected/
nominal gravity signal. By performing the subtraction before the spec-
tral (power) estimate, these residuals become sensitive to the relative
phase of the two signals.



Because our goalis to quantify a (nonlinear, but stationary) relation
between the source-test mass separation and the exerted force, plot-
ting one against the other comes with theimplicit assumption of equal
significance for each data point. However, because our momentary
noise estimation channel enables us to assess the significance (in terms
of SNR) of each point, we chose to weight the data pointsin Fig. 3 with
this significance to obtain the most general visual representation of the
force versus separation relation. The hidden assumption here is that
the momentary noise level estimation procedure does not introduce
systematics into the quantitative data evaluation (see next step). We
tried to verify this by checking that there is no quantitative dependence
of the results on noise-estimation filter parameters.

Only after this most general datarepresentation, the relationis sub-
jected to assumptions using Newton'’s law to quantify the relation.
Hence, the width of the signal band is determined by all noise within
the bandwidth of evaluation (5-75 mHz bandpass; see above) and not
only atthe signal frequency or its harmonics. Although subjecting data
observedin dedicated high-precision experiments to the rigid corset
of assumptions (fitting parameters) is a well established method, we
believe the least-assumptions data representation approach of Fig. 3
tobeextremely valuablein the yet-unexplored regime of gravitational
sensing.

Data evaluation. To quantify the measured gravitational force, we
assume the validity of Newton’s law and treat the masses as point
masses concentrated at their respective centres of mass. Strictly speak-
ing, thisassumptionis valid only for perfectly rotationally symmetric
masses. Possible deviations due to bumpiness are considered as sys-
tematicerrors. We use the gravitational constant as afitting parameter
resembling the strength of 1/x2 coupling. We further allow for a
distance-independent force resembling the measured force averaged
over onesignal period, given that the experiment was not designed to
measure thed.c. attraction, thatis, the force with relation to the source
mass being infinitely far away.

Thesstatistical uncertainty of the data can be inferred by resampling.
While often bootstrapping is used, it turns out that without further
pre-conditioning, high-frequency temporal correlations such as
high-frequency vibrational modes spoil the results as the data points
cannotbe regarded as sufficientlyindependent. Subsampling, by con-
trast, holds under weaker assumptions and appears to work for our
databecause short-term correlations remain within the same segment.

Eachtimetraceis cutinto Nequally long segments. For each segment,
the coupling strength G;is fitted with the inverse-variance weight factors
described in the previous section in non-stationary environmental
conditions. Furthermore, acommon force offset F, is fitted to all seg-
ments (allowing each segment to have its own d.c. force F; leads to
similar results, butis less physical, because this force should not drift).
The weighted mean G=Y, G,/o?, where 1/0} are the normalized
inverse-variance weights for the segment, gives the same result as a
weighted fit to the whole trace. From the (inverse-variance-weighted)
standard deviation 0,(Gi) we infer the statistical uncertainty for each
G;. The uncertainty for the whole trace is then inferred by means of
0(G) = 6,(G)/ [ Negr, where N is the effective number of segments with
independent noise contributing to the weighted standard deviation.
The number N of segments per trace is varied between 11 and 30. For
small N, drifts within the segments and non-stationarity of noise within
the segments may become sizable, whereas for large Nthe exact reso-
nance frequency and quality factor of the torsion resonance gainimpor-
tance as the segment length approaches a torsion period. To exclude
such effects, for each trace the results are verified tonot depend on N,
inordertoavoidintroducing systematic errors by its exact choice, and
the fit parameters are averaged over the full range of segmentations.

This evaluation gives the independent estimate of the coupling
constant and an estimate of the statistical uncertainty for each trace
presented in Fig. 4. All deduced coupling constants agree well within

their statistical error budgets. A coupling constant with even lower
statistical uncertainty is obtained by averaging the coupling constants
ofalltraces while using the respective deduced statistical uncertainties
asinverse-variance weights. The value of the time-resolved represen-
tation of Fig. 4 is that it shows that there are no major (monotonous)
time-dependent systematics suchas adsorption and continuous elec-
trical charging.

Vacuum
The experiment was conducted in high vacuum (107°-107 hPa) to
reduce excitation from residual gas molecules and direct momen-
tum transfer. The vacuum chamber is pumped by a turbo molecular
pump (Pfeiffer TMU 071P) running at 25 Hz during measurement runs.
These narrow-band vibrations were not observed to produce sensitiv-
ity degradation of the gravitational signal. The pressure could not
be monitored permanently during measurement runs, because the
Pirani pressure gauge (Pfeiffer PKR 251) needed to be detached from
the chamber; it was observed to constantly charge the torsion balance
whenin use, and its relatively strong magnetic field was suspected to
cause magnetic interaction between the gold masses.

The effects of residual gas molecules cause a Brownian force noise
thatis derived as an additional damping rate®

P, 2
muy, 2. (r? (4)
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(P, pressure; v, = kyT/m,;,, average velocity of ‘air molecules’ of mass
m,;; d,separation between the surface of the cylinder and the electro-
magnetic shield; r, cylinder radius; m, cylinder mass; k;, Boltzmann
constant; T, temperature). The additional force noise damping due to
the proximity to the electromagnetic shield is taken into account.
Moreover, we assume the worst-case scenario of a cylindrical test mass,
which would trap considerably more gas molecules compared to a
sphere of similar size close to the wall. Using our experimental param-
eters (P=6 x 107 mbar, m,;, = 4.8 x 1072 kg, r=1 mm, m = 91 mg,
d=150 pm, T=300K), we obtainanadditional damping of ;= 5.1x107%,
which is much smaller than the natural damping rate,
Vi, = wo/Q=~5.0x1073 of our test-mass oscillator. Looking ahead, even
for a projected experiment in the Planck-mass regime, which would
require a mechanical quality factor of Q >20,000, the effect of the
force noise fromgas collisions would be at the 5% level in this pressure
regime—and canbe further reduced by pushing vacuum levelsinto the
ultrahigh-vacuumrange.

Vibrationisolation
The vacuum chamber is placed on an optical table with deflated air
springs. Although inflating the springs did attenuate high-frequency
noise, as expected®, the pendulumyaw mode, by contrast, was observed
to get heavily excited. We suspect arelation to the table tilt, which we
independently observed to couple strongly into the experiment (3 rad
of yaw motion per1rad of tilt motion). In the inflated state, air density
fluctuations act differently onto the air springs and can thereby cause
excessive table tilt at low frequencies, which could explain the exces-
sive yaw excitation. Operating our experiment with inflated air springs
will require an active tilt stabilization system, as described in ref. .
High-frequency vibrations are known to couple nonlinearly into
lower-frequency bands, where the measurement takes place®. To
decouple the pendulum from such vibrations, for example, such as
those generated by the turbo pump, the 420-g pendulum support
structure rests on soft vacuum-compatible rubber feet (Viton).

Source-mass positiondrive
The position of the source-mass gold sphere is modulated by a
long-range bending piezo (PI PL140.10, PICMA Bender). Applying a
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voltage of 0-60 V bends the piezo and provides a travel range of the
order of Immatthe piezo tip, whichis connected toa 0.31-mm-diameter
non-magnetic titanium rod carrying the source mass (Extended Data
Fig.3). Therodis inserted only half way into the source mass so that
its contact potential that faces the test mass is effectively shielded by
the surrounding gold.

Upon actuation, the piezo bending is translated to a mostly linear
source-mass motion of up to 5 mm and a rotation around its centre,
which canbe neglected. The position of the source massis modulated
harmonically to avoid d.c. noise of the torsion pendulum such as slow
thermal drifts.

Distance measurement

Amajorsource of uncertainty for the measurement of the gravitational
coupling G is the absolute separation between source mass and test
mass. We measure the distance with a digital single-lens reflex (DSLR)
camera (Canon EOS 60D) thatis mounted on top of the vacuum cham-
ber, looking down vertically onto the experiment. This means that only
atwo-dimensional (2D) projection of the assembly can be monitored.
Videos are taken with a 60-mm macro lens and extension tubes. The
positions of the masses are tracked using a template-matching algo-
rithm based on the open-source image and video processing library
OpenCV.

At the beginning of each distance measurement, templates of the
masses are defined in the first frame of a video. Their positions are
tracked in subsequent frames by integrating the squared pixel value
distance over the dimensions of the template

RO,y = Y {Z [E(xﬁy’)—Ii<x+x',y+y'>]2}. )
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Here, Ti(x,y) denotes the 8-bit pixel value of the colour channel i of the
template image, and /,(x, y) the same for the video frame to be evalu-
ated. Theminimummin(R) = R(X, J ) then corresponds to the position
of the best match (X, J') for the template. This method is limited to an
accuracy of 1 pixel, which corresponds to about 24 pm. Therefore, for
each dimension we perform a Gaussian fit over the five neighbouring
pixels centred at the best-match position to improve the tracking
resolution.

To limit the effect of changes in laboratory lighting, as well as the
influence of reflexes on the source-mass surface, only the outer perim-
eter of the masses is tracked. We verify the tracking quality by visual
inspection of the residuals—that is, by looking at a video with each
framerealigned to the tracked position—similar to a digitally stabilized
video. The resolution and accuracy of the tracking is limited by the
(manual) determination of the edges of the massesin the template, the
low contrast inside the vacuum chamber due toits gold-plated interior,
and the resolution of the DSLR, and is taken to be 20 pm. We measure
theseparation of source and test masses viavideo at the beginning and
the end of each measurement run.

Furthermore, the source-test mass separation is defined not only
by the momentary source-mass position, but also by the motion of the
residual test mass. In particular, the centre-of-mass motion of the pen-
dulumyvaries the distance by more than100 pm under bad conditions.
Therefore, the gravitational forceis averaged over these distances. The
separation modulation changing from this test-mass motion cannot
be extracted from the optical-lever signal to be calibrated out. In the
future, continuous video tracking will provide this information.

Piezo calibration. The piezo is operated without feedback. Because
the position cannot be monitored continuously, the piezo’s position
response to the applied voltage needs to be characterized and mod-
elled. Theresponse of the piezo can be modelled as anideal mechanical
transducer combined with an additional low-pass filter**. Fundamen-
tally, this reflects electron mobility/diffusion into the piezo material.

As a consequence, the step response is delayed and the drive shows a
slow creep towardsits final position, as well as hysteresis, when driven
cyclically. The creep (knowledge of the exact position) is of particular
interest for the charge measurements, whereas the hysteresis (knowl-
edge of the exact amplitude and phase) is important for the gravity
measurements, because it resultsin the source-mass position lagging
behind the applied voltage signal and reduces the amplitude. The sta-
tionary creep (the step response of the piezo) depends on the size of
the applied voltage step and the starting position (the voltage levels
applied to the piezo before and after) and can reach up to 30 pm over
aperiod of 15 min. As the creep depends on parameters over which we
havelittle control, the creepisfitted for every measurement separately
rather than using global piezo parameters. The observed time lag de-
pends on the drive frequency, but does not show any dependence on
themodulationamplitude. For amodulation frequency of12.7 mHz we
find a time lag of 509 + 3 ms by correlating the drive voltage with the
source-mass position as measured by video tracking.

We also observe a drift over time in both the mean position and the
modulation amplitude of the source-mass drive. A possible reason is
continuous charging of the piezo material, similar to the observed creep
for a step response in quasi-static operation, even in dynamic opera-
tion. In contrast to the stationary case, in which creep-induced piezo
deflection reaches a final state after about 1 h, under cyclic operation
the mean deflection and amplitude continue to drift over a measure-
ment period of 100 h. For a peak-to-peak modulation of about 2 mm,
the amplitude is reduced by 13 pm and the mean position drifts by
55um. Although this long-term drift resembles the stationary creep as
described inref.**withamuchlonger time constant, we cannot fit the
corresponding function with only the start and end videos. The drift
of the mean position, as well as the modulation depth, therefore, are
taken to be linear over the period of a measurement run.

Additionally, the source-mass position modulation exhibits
higher-harmonics contributions. We measure the relative amplitudes
and phases of these higher harmonics with respect to the fundamental
modeinthestartand end videos. We infer the actual position modula-
tion for the gravitational measurement runs from the drive signal by
taking the timelag, the amplitude change and mean position drift, and
the higher harmonicsinto account. For example, the amplitude of the
2nd harmonic of the drive positionis fitted and found to be below 0.3%
ofthe fundamental amplitude. Remaining higher-order contributions
are estimated to be below <0.1% and are therefore irrelevant for our
experiment.

Charge measurements

We discharge the test mass to less than 8 x 10* elementary charges
using a nitrogen gas discharge and ion diffusion as developed inref.*.
Thenitrogen gasis channelled over aset of high-voltage a.c. tips. After
passing through an aperture, the nitrogenions neutralize the surfaces
ofthe vacuum chamber by diffusion. After discharging, the unshielded
electrostatic interaction is still approximately three times stronger
thangravity (see Extended DataFig. 6). We note that theinteractionis
enhanced over apure Coulomb interaction by induced surface charges
of the source and test masses.

Because of that, even if the source mass is perfectly grounded, a
charged test mass will induce charge separation resulting in parasitic
attraction. Whereas most torsion experiments aiming to measure
smallforces conductively coat their suspension filament and thereby
sacrifice mechanical quality (statistical error) for charge control (sys-
tematicerror), we explicitly chose not to do so. Onereasonis that when
down-scaling the torsion balance further, the proportion of lossy coat-
ing (surface) grows with respect to the fibre material (volume). The
other reason is the long-term prospect to contactlessly levitate the
test mass, which would prohibit the use of any electrical contacting.

Itcanbe shown by finite-element simulations (Extended Data Fig.5),
however, that electrostatic coupling between source-mass position



and test-mass force can be suppressed well below 3% of the expected
gravitational signal by means of a 150-um-thick conductive Faraday
shield inserted between the source and test masses (see Extended Data
Fig. 6). The shield comes at the added benefit of reducing other elec-
trodynamic interactions, such as short-range Casimir forces, as well.

The drive piezo is housed in a Faraday shield in order to suppress
coupling of the applied electric fields onto the pendulum, for example,
viaresidual charges or polarization effects. During an 8.5-h measure-
ment without a source mass attached but with the piezo modulation
active, we did not observe any test-mass actuation. Although this veri-
fies the effectiveness of the shield, a full analysis of this drive piezo
contributionto the systematicerror of our experiment would require
the same amount of effective integration time as in the gravity run,
that is, a measurement run would have to last for weeks under quiet
conditions as well.

Because long-term drifts from charge diffusion on non-conductive
materials are observed to degrade our low-frequency sensitivity, all
surfacesinside the vacuum chamber (except for optical viewports) are
made from conductive materials and are gold-plated wherever possible
to equalize surface potentials and mitigate thermo-electric potentials.

Charge characterization. Static charges on our test mass canbe char-
acterized by means ofinduced mirror charges. They can be quantified
by aforce versus separation measurement without an electrostatic
shield and with the source mass being grounded as shown in Extended
DataFig. 4. Thisis effectively amacroscopic realization of aKelvin probe
force microscope, whichistypically used to contact-free measure (sur-
face) potentials. The theory for the electrostaticinteraction, including
polarization effects of extended conductive spheres, is presentedin ref.
% Inaddition to the expected signals (electrostatic, gravity), we observe
anunidentified coupling thatis proportional to the sphere separation.

To overcome this and other experimental challenges, such as
unknown contact potentials, we isolate the effect induced by resid-
ual test-mass charges. We therefore quantify them by biasing the
source-mass potential and observing the test-mass charge versus
source-mass potential interaction at a set of discrete separations.
Extended Data Table1summarizes the results of theintermittent charge
measurements over the whole duration of the measurements. Amore
detailed description of the charge determination will be presented in
anupcoming publication. In conjunction with the electrostatic shield
between the masses and our finite-element simulation, we thereby
verify that electrostatic coupling is suppressed to below 3% of gravity
over the whole measurement period.

Seismic noise

Even during the environmentally quiet Christmas season, our fun-
damentally thermal-noise-limited sensitivity is dominated by a
yet-unidentified contribution with a strong diurnal variation (see
Extended Data Fig. 2). Reduction of this noise isimportant to advance
towards smaller detectable source masses.

Long-period seismic ground motion in an urban environmentisa
major concern for extremely sensitive low-frequency experiments® .
For ideal harmonic motion, the rotational mode of an oscillator will
not be directly excited by translational ground motion. Unfortunately,
unavoidable imperfectionsin the construction of the pendulum cause
asymmetries that couple horizontal ground motion into rotational
motion®®®, Furthermore, down-conversion of noise at higher frequen-
cies, such as cross-coupling from other modes, cannot be neglected™.

To monitor horizontal and vertical ground displacement down to
100 mHz, a Raspberry Shake 3D seismometer was installed in close
proximity to the experiment. Low-frequency seismic displacements
at the experiment site were monitored with a RefTek Observer 60 s
broadband seismometer. Inaddition, we have access to the broadband
data of the ZAMG seismic station (Streckeisen STS2) at Hohe Warte,
Vienna, roughly 3 km away from the laboratory.

Correlating strong seismic events, such as the 6.7-mag earthquakein
Turkey on24 January 2020 inthe data of thelocal seismometer as well as
the STS2, withthe response of our oscillator provides arough estimate
of seismic coupling, which suggests that the diurnal low-frequency
noise observablein our datais notdue tolinear coupling of horizontal
or vertical ground motion.

This claimis supported by directly comparing the non-stationary
low-frequency noiseinthe STS2 datain Vienna (Extended DataFig. 7a)
andthetorsionbalance (Extended DataFig. 2). Thereis a strong variabil-
ity of the seismic noise floorin the 30-mHzband but arelatively steady
primary microseismic peak around 70 mHz. The daytime-dependent
change in the 30-mHz noise floor is consistent in amplitude and time
with the varying white force noise that we see in our test mass below
100 mHz. Yet, the frequency distributionis very different. In particular,
the microseismic peak at 70 mHz is a very strong, stationary seismic
feature within the frequency band of the experiment. Because we do
notseeitinthe torsion pendulum data, we conclude that our rotational
mode is not dominantly driven by linear coupling of the horizontal
seismic noise.

Mechanical coupling

Recoil of the source-mass drive is of major importance for higher
modulation frequencies such as 50 Hz (ref. *?). Here we argue that,
owingtoits strong frequency dependence, this effect canbe neglected
for our experiment. A100-kg freely suspended optical table, for exam-
ple, would move by 1 nm per millimetre of recoil motion of a100-mg
source mass, whichis of the order of our observed signal. The coupling
into pendulum yaw is attenuated further by the pendulum’s common
moderejection, thatis, how well balanced the assembly is. Yet, already
atable suspension resonance of 1 Hz, which can roughly be assumed
for the air springs, attenuates this by another factor of
(. /fz)able )2 =1/6,000.A deflated table, by contrast, typically exhibits
internal resonances wellbeyond the100-Hzregion, yielding even higher
resistance to recoil.

Another possible coupling at low frequencies is the cyclic deforma-
tion of the environment under the changing load distribution of the
drive setup. Again, we consider the 1-m-sized, 100-kg optical table
suspended by air springs (-4 x1kN m™stiffness). A1-mm horizontally
shifted100-mg mass causes 1 uN differential load and thereby induces
atilt of approximately1nrad. In conjunction with the abovementioned
tilt-to-yaw coupling, this can result to a test mass motion of the order
of 1nm per millimetre of a100-mg source-mass motion, whichis of the
order ofthe observed signal and dominating the recoil effect. In prac-
tice, the air springs employ active tilt feedback at low frequencies, stiff-
ening the table tilt motion. When deflated, the table leg stiffness may
increase to 1 MN m™, providing suppression of source-mass-induced
tabletiltby afactor of 1,000. Internal table flexing modes evenin the low
100-Hzregion would not allow increased tilt coupling at the modulation
frequency. In the future, a more in-depth investigation of tilt-to-yaw
couplingand cancellation of both effects by means of acounteracting
mass will be investigated.

Therefore, both effects are indeed of importance for massive
source masses and high accuracy measurements aimed to determine
G very accurately. However, to our current understanding, they can
be neglected in this experiment and in similar future low-frequency
designs aiming at further reduced source masses.

Magneticinteraction

To minimize influence from magnetic coupling, the experiment was
designed without ferromagnetic materials. All masses are made of
diamagnetic gold, and the source mass is mounted on a paramagnetic
titanium rod. As a consequence, Earth’s magnetic field (-50 puT at our
location), as well as anthropogenic magnetic noise inanurban environ-
ment, induce dipoles in the gold spheres, leading to a repulsive force
between them.
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Using literature values® for the permeability of commercial-grade
gold and titanium, we estimate dipole forces of

_ 6p,mm,

between two magnetic dipoles m;at centre distanced,, such as between
our two diamagnetic spheres, as well as between the titanium rod and
onegold sphere (i, vacuum permeability). The strength of the dipoles
is determined by the strength of the externally applied field, the sus-
ceptibility, and the volume and geometry of the material.

Iron impurities in the gold are suggested to dominate the mag-
netic susceptibility®®. Yet gold-iron alloys act diamagnetically up to
1,000 ppmiron, paramagnetically up to 10% iron, and only then start
acting asaferromagnetic material. The gold used in the experimentis
specified to have impurities below 1,000 ppmbut, according to ref. ¢,
commercial-grade gold has ironimpurities between 10 and 100 ppm.
Asarough experimental verification for the permeability, al-cmcubic
NeFeB magnet with a remanent magnetization of around 1.4 T was
brought within 7 mm of the test and feedback masses. The literature
value of the magnetic susceptibility X,, is confirmed within a factor
of ~4.

Projecting the dipoles induced by Earth’s magnetic field to the
exerted forces by means of equation (6) shows that they are about
four orders of magnitudes weaker than gravity in this setup.

To estimate magnetic signals induced by anthropogenic fields, we
measure the magnetic field close to the experiment with a three-axis
magnetic sensor (Stefan Mayer FLC3-70) and two different Samsung
phones containing fluxgate magnetometers (see Extended Data
Fig. 7b). The 10-mHz frequency comb is correlated with a close-by
traffic light period. We verify that this is amagnetic signal by measur-
ing it with different magnetometers using different sampling ADCs.
Moreover, the signal strength does not depend on the exactlocationin
thelaboratory. Yet, itisnotvisible in the force signal of the experiment.
We therefore conclude that the masses do not couple magnetically via
dipolesinduced by anthropogenic magnetism.

Casimir force
The steady-state Casimir force for a plane-sphere geometry can be
calculated® using

R.kzTT(3)
Feasimir= t;T' (7)

where is the Riemann zeta function. For our setup, the parameters
are T=300K, test-mass radius R, =1 mm and plane-sphere distance
d, =250 um. Thus, the Casimir force between the test mass and the
Faraday shield is more than four orders of magnitude smaller than
Newtonian gravity®®. For extending the experiment towards smaller
source masses, however, the Casimir force will dominate the gravita-
tional attraction of a Planck-mass-sized source object for shield-sphere
separations below -100 um. Because in our approach the gravitational
potentialis modulated, evenin that source-mass regime we willbe able
to distinguish Casimir forces exerted onto the test mass (which are
staticinthe presence of an electrostatic shield) from gravity. Further-
more, forreduced shield separations, the Casimir force might become
relevant as a static nonlinearity or instability of the torsion balance
potential. For a183-mg oscillator with a natural frequency of 1mHz,
the Casimir force will render the oscillator unstable by surpassing the
restoring force only for surface distances below ~-100 nm.

For any setup without a Faraday shield, Casimir forces set a lower
bound for test-source mass separation, whichinturnsets anultimate
lower limit on the detectable Newtonian force. For our scheme, these
limits are approximately 2 um for the symmetric setup with 90-mg
masses and 20 pm for a source object with m = m,.

Systematic deviations

Here welistidentified sources of systematic over- or underestimation
ofthe measured gravitational force. Neither of these hasbeen corrected
for in the evaluation, given that most of these can only be guessed.
In Extended Data Table 2 we assess the most relevant contributions
considered. In general, we find that most effects scale with the source
mass. Hence, they limit the accuracy of our G estimation but will not
pose a limit to measurements of smaller source masses in the future.

Allinvolved masses except for the tiny amounts of glue used were
measured at an accuracy of 0.1 mg (Kern ABS120-4). Although in the
evaluation we treated our source and test mass as point sources of
gravity, they also act gravitationally onto the other components, such
as the capillary and glue. Gravity between the source-mass support
rod (titanium gravity) and the test mass is numerically simulated by
integrating over (10 pm)?* elements. Because the mass distribution of
the complete source mass assembly deviates from spherical symmetry,
itcannot be summarized as an effective point mass co-moving with the
source mass. Instead, the modulation caused over a centre-of-mass
separation of 2.4-6 mm is putinto relation to the gravity modulation
caused by the source- or test-mass modulation over the same range.
Similarly, theinfluence of the spatial extent of the hole used for mount-
ingthetitaniumrodinside the source massis estimated. The difference
between aspherically symmetric source mass witha300-pm-diameter
hole and aspherically symmetric source mass without a hole but with
the same mass is evaluated and put into relation with the nominal
source- or test-mass gravity. The modulation of gravity between the
counterbalance mass of the torsion pendulum and the source mass
is quantified over the same 2.4-6 mm range. The calibration of the
QPD signal was carried out once on best-effort basis and the results
areshownin Extended Data Fig. 1. The quality was checked by varying
assumptions, but cannot be tested independently or continuously. The
sourcedrive positionis calibrated to anaccuracy of 1 pixel (~20 pm) at
the beginning and end of each measurement run. The accuracy of the
interpolation in between cannot be quantified, because the camera
could not be operated continuously. Instead of only a 2D projection,
the three-dimensional (3D) mass separation willbe monitored continu-
ously in the future, improving the data for close approaches, such as
in Extended Data Fig. 4, by giving height offset and high-frequency
pendulum and roll mode excitation information. The 3D mass dis-
tribution of our gold ‘spheres’ is not known, given that we can only
observe 2D projections. From microscopic imaging under different
angles, the masses used are known to be bumpy (source-mass radii vary
between1.03 and 1.11mm), whereas in high-accuracy experiments for
the determination of G, even the slightest shape and density deviations
areknown to be relevant.

The masses used in the experiment deviate from perfect spheres. To
quantify the influence of these shape deviations, we took photographs
ofthe test sphere under amicroscope and at different angles, as shown
in Extended DataFig. 8. We extract the angle-resolved radius from the
geometric centre of mass of each projection. We assume that each com-
bination of angle and radius defines a spherical wedge and we calculate
the 2D deviation of the combined centre of masses of the wedges from
the geometric centre of mass of the projection. We repeat the evaluation
for every projection and take the mean deviation from the geometric
centre of mass as a correction for the centre-of-mass distance used in
the evaluation. Comparing the fits to the uncorrected and corrected
centre-of-mass distance results in an estimated systematic uncertainty
of 4.2% for both test- and source-mass shapes.

An additional damping rate caused by the impacts of residual gas
molecules is estimated according to ref. %', Using our experimental
parameters and takinginto account the close proximity of the electro-
magnetic shield to the test mass, we obtain adamping rate five orders
of magnitude smaller than the natural damping rate of our test-mass
oscillator.



A worst-case estimate for sorption effects on uncleaned gold sur-
faces®”®® results in a relative mass change of the order of 107 and
can therefore be neglected. We also note that we do not observe
time-dependent systematic effects, in agreement with the absence of
substantial sorption effects.

Data availability

The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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Extended DataFig.1|Quadrant photodiode calibration. The video-tracked
yaw angle of the torsion pendulumis compared to the QPD readout (horizontal
difference signal normalized by the total sumsignal toreduce laser intensity
noise coupling). A third-order polynomialfit to these data provides our QPD
signal calibration. The occurrence probability accumulated over all our data
runsshows theregioninwhich acalibrationisrequired, thatis, V,/V,,,€[-0.4,

0.2].
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Extended DataFig.2|One-hour displacementspectra.a, Thedisplacement
amplitude spectral density (ASD) estimate of 1-h data chunks of representative
datatakenbetween 26 and 27 December shows stationary readout noise at
high frequencies and non-stationary white force noise at low frequencies. The
level of the latter varies up to tenfold, consistently being the lowest at 0-5a.m.,
particularly in the night after public holidays or Sundays, that is, before normal
workdays. During such quiet periods, the thermal noise of the pendulumis
reached. b, Time-series dataspanning half an hour during the 3-4 a.m.
segment. The datatraceisbandpass-filtered in the frequency range 5-75 mHz
with a6th-order Butterworth filter and magnified by afactor of 20.
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Extended DataFig.3|Schematic of drive mechanism. The source-mass
drive, consisting of abending piezo and atitanium rod, can modulate the
source-mass position by more than 5mm peak to peak at frequencies as high as
1Hz. The geometry of the titanium rod amplifies and translates the piezo
deformationinto an approximately linear motion.
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Extended DataFig. 4 |Probability distribution of F(d) without an electrostaticinteraction between charged (-8 x10*e*; e, elementary charge)
electromagnetic shield. Without electrostatic shielding, the probability testmass and grounded source mass*, and an unexplained force proportional
density distribution of inferred force versus source-test mass separation totheseparation.

requires three constituentsto describe: Newtoniangravity (seeFig. 3),
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Extended DataFig. 5|Finite-element method simulation of charge
distribution. The charge distributioninduced by a3 x10*e* charged source
massonthegrounded test mass was determined by a finite-element simulation
(COMSOL; shown for1mm surface separation as an example). With the
grounded, conductive electrostatic shield in place, many mirror charges are

visual
cutaway

inducedinthe unmodulated shield, resultinginad.c.force. Theinduced
surface charge density (colour-coded) on the position-modulated source mass
issuppressed by afactor of approximately 100. These charges are screened by
theshield, resulting in further suppression of the exerted force. Theactual
suppression could not be quantified owing to numerical inaccuracies.
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Extended DataFig. 6 | Simulation of electrostatic coupling. Our
finite-element simulation of the electrostaticinteraction of acharged test
mass (10°¢*) and agrounded source mass was validated using the analytical
method describedinref. . Wheninserting a150-um-thick, conductive
electrostatic shield between them, the electrostatic force exerted onto the test
mass is dominated by the test mass-shield interaction, that s, it becomes
independent of the source-mass position. Residual fluctuations of the force are
onthe3-10%level of gravity, withouta clear source position dependence, and
areexpected tostem from numerical errors.
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Extended DataFig.7|Magnetic and seismic coupling.a, The time-resolved
amplitude spectral density of the horizontal ground motionin Vienna,
recorded by anSTS2 broadband seismometer, shows astrong frequency
dependence of the variability. A rise of the noise floor is observed throughout
the frequency range, starting from midnight (dark blue) to noon (light blue),
butis most prominent at 30-40 mHz. By contrast, the noise floor at the
microseismic peak, ataround 70 mHz, varies only slightly. The modulation
frequency of the drive mass is marked by a vertical dashed line. Each spectrum
corresponds toasingle 2-h measurement. b, The amplitude spectral density of
magnetic field variations at the site of the experiment were measured witha
three-axis magnetometer (Stefan Mayer FLC3-70; z=vertical,y =along source-
test mass axis). The signalat 10 mHz is explained by the period of the traffic
light atanearby crossing, regulating car traffic as well as trams. The inferred
forceactingonthe pendulum (red line), shows no sign of this signal. Each
spectrum correspondsto asingle 8,000-s measurement.
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Extended DataFig. 8| Shape oftest-mass sphere. a, 2D projection of the test
mass. The centre of mass determined by the geometric centre of mass (mean
over allimage dimensions), as well as the centre of mass calculated by our shape
evaluation, areindicated (‘Volume COM’). The centre of mass used inthe
determination of Gisindicated by ablue cross. b, The radius measured from
the geometric COM over all angles is shown.
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Extended Data Table 1| Surplus charges over time

12/28/2019 12/23/2019 12/27 /2019 01/03/2020 01,/07/2020 01/15/2020

surplus charges (% 10%e™) 34.7 25.0 44.4 78.8 8.8 52.8
accuracy (x 10%e™) 0.7 2.6 9.4 0.4 3.9 1.1

The surplus charges on the test mass were measured between our measurement runs during the time periods marked by grey bands in Fig. 4. All measured charges stay well below 8 x 10%",
which we take as an upper limit in our estimation of electrostatic coupling between source and test mass.



Extended Data Table 2 | Identified systematics

effect influence / Fe
hole gravity +8.4E-3
titanium gravity 6. 1E-3
capillary gravity +4.5E-3
glue gravity +3E-3
counterbalance grav. —1.1E-4
electrostatic +3E-2
magnetic +1E-4
calibration +6E-3
drive calibration +1.6E-2
mass separation T1E-3
Tts ACCUTACY +1.1E-3
MMy accuracy +1.1E-3
Mglye AcCUracy +3E-3
height offset +1.5E-2
m, roundness +3.2E-2
¢ roundness +1.0E-2
@ accuracy +5E-3
bandpass 1f,, F1.6E-2
bandpass 2f, 7.GE-2
downsampling +1E-3
compensation pole +1E-5
anti aliasing filter +2E-6
upper limit +15.9E-2
lower limit —11.8E-2

Identified systematic deviations in units of expected Newtonian gravity between source and
test mass.
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