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How to avoid the appearance of a
classical world in gravity experiments?

Steps towards a quantum Cavendish Experiment
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Prelude — Chapel Hill —

1957: The Role of Gravitation in Physics

The absence of any paradox or discrepancy in gravitation theory at the human and astronomical
levels creates an obligation to apply Einstein’s ideas down to smaller and smaller distances. One must
check as one goes, until one has either a successful extension to the very smallest distances, or a
definite contradiction or paradox that will demand revision. ... The challenge cannot be evaded.
Exactly how to proceed is a matter of wisdom, skill, judgement, and a good idea. Nobody guarantees
to have a good idea, but the DeWitts, fortunately, have a very sound plan of what to do while
searching for a good idea.

John A. Wheeler (letter to Bahnson, November 25, 1955)

C. M. DeWitt, D. Rickles, Eds., The Role of Gravitation in Physics. Report from the 1957 Chapel Hill Conference

(Max Planck Research Library for the History and Development of Knowledge, 2011). Hans Hepach — 1Q0QI Vienna
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Approaches to Quantum Gravity —

I. Assume the existence of a quantum theory of gravity
*  probe its low-energy consequences
e.g. Limmerzahl Appl. Phys. B 84, 563 (2006);

or specifically for mechanical quantum systems:
Nature Physics 8, 393 (2012); Nature Comm. 6, 7503 (2015);
PRL 116, 161303 (2016); Nature Comm. 11, 3900 (2020)
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Il. Assume nothing about the interplay between QM and gravity

*  probe quantum configurations of gravitational source masses

Hans Hepach —1QOQI Vienna



gow i\éﬁrsit'at . _ OAW
Future: Design of a quantum and gravity experiment  —

e.g. Belenchia, Wald, et al., Phys. Rev. D 98, 126009 (2018)

. ”One should think about designing an experiment which uses a gravitational
link and at the same time shows quantum interference”
Chapel Hill 1957

Quantum entanglement via gravity
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e.g. Belenchia, Wald, et al., Phys. Rev. D 98, 126009 (2018)
”One should think about designing an experiment which uses a gravitational
link and at the same time shows quantum interference”
W Chapel Hill 1957

Quantum entanglement via gravity
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R P Feynman

Large Quantum States
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Al Balushi et al., PRA 98, 043811(2018),
Krisnanda et al., npj Quantum Information 6, 12 (2020),
Weiss et al., PRL 127, 023601 (2021)
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g Quantum entanglement via gravity

R P Feynman

Large Quantum States Large Quantum Superpositions
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Future: Design of a quantum and gravity experiment  —

e.g. Belenchia, Wald, et al., Phys. Rev. D 98, 126009 (2018)
p ”One should think about designing an experiment which uses a gravitational
link and at the same time shows quantum interference”
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Quantum entanglement via gravity
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link and at the same time shows quantum interference”
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Motivation —
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Motivation -

How big can we get?

coherence
time (sec) Quantum Experiments  Gravity Experiments

o]
1 o] makter
‘ woave

1073

N
& Ry How small can we get?
o6 N s
1 0:;3' ) Smallest source mass to date: 0.7 g
1 0_9 O‘\)‘ mechanical
quantum dev. gravibj
10712 O source masses Mitrofanov et al., Zh. Eksp. Teor. Fiz. 94,16-22 (1988)

W Lee et al., PRL 124, 101101 (2020)
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Motivation

How big can we get?

coherence
time (sec) Quantum Experiments  Gravity Experiments
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iy How small can we go? —

33, 125031 (2016)

Periodic modulation of source mass @ f, 4
Test mass acceleration @ n x f, 4

Fundamental limit: thermal noise of test mass
oscillator

Schmole et al., Class. Quant. Grav.
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Test mass acceleration @ n x f, 4

Fundamental limit: thermal noise of test mass
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Experimental Concept —

* Test mass: torsion pendulum
— 2mm gold spheres (90mg each)
— fy=3.6mHz, Q=4

* Source mass: 2mm/90mg gold

— few mm position, grounded

e 5:107 mbar vacuum

m *  room temperature
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s Noise Contributions —

.:] Electrostatic Coupling

“\"»
/m . Extremum of F(Vb) for a fixed distance, fitted Qa= 40954+ /- 570e*
: y 57 ® 121 == o cont imore
l J 2. data

direct coupling

Offset Voltage [V]
o o

1400
Surface Distance [um]
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direct coupling

Magnetic Coupling
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Frequency / mHz

Force / (N/vHz)
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Noise Contributions —

é:

~

environmental
disturbances

Acceleration /

(ms™%/vHz)

ASD / (um /~Hz)

Seismic Coupling

—— 17-18h 22-23h == 03-04h
— 18-19h 23-00h == 04-05h
— 19-20h 00-01h == 05-06h
= 20-21h 01-02h === Thermal
21-22h === (02-03h == Readout

1078 1072 107" 10¢
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Frequency / mHz
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Thermal Noise Limited

— 17-18h 22-23h = 03-04h
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Noise Contributions —

QPD Calibration

5 .
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-5
T T
2 10 ?
- | i
3 107 i t
o | I
1074 T T T
1.0 -0.5 0.0 0.5 1.0

Normalized Horizontal QPD Signal / (Vx /Vsum )
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Charge Control -

Method developed for LIGO test masses

<+ 10V

D. Ugolini et al. (2014), DOI: 10.1063/1.4867248
R. Weiss et al. (2011), internal LIGO document
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Charge Control -

Method developed for LIGO test masses

* produce ionized N,

<+ 10V

D. Ugolini et al. (2014), DOI: 10.1063/1.4867248
R. Weiss et al. (2011), internal LIGO document
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Charge Control el

~49-50 mBar

To Amplifier

Method developed for LIGO test masses

* produce ionized N,

°* measure ion flow

W TW WIS

*********** il h J”f“ﬁ: TTT i

D. Ugolini et al. (2014), DOI: 10.1063/1.4867248
R. Weiss et al. (2011), internal LIGO document
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Charge Control el

~49-50 mBar

To Amplifier

Method developed for LIGO test masses

* produce ionized N,

°* measure ion flow

» diffusion process in the vacuum
chamber neutralizes surface potentials

W TW WIS

*********** il h J”f“ﬁ: TTT i

D. Ugolini et al. (2014), DOI: 10.1063/1.4867248
R. Weiss et al. (2011), internal LIGO document
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R Y Se(f) of F(f)
U(t) mp x(t) mp F(t) * Spectral analysis shows harmonics of
)| modulation frequency
(r)
F(r

102 + | I

—— Displacement | i

== == Thermal Noise
c 107 - = Read-out Noise | ) { - 102
E 3 —— Force Signal E
= i ,  E
GC) - f ~ 38 mHz Force Residuals ..\_
£ 3 &
) 5 <
S i
= = 10" L
)
(]

T — T T T T T — 10°
1 10 100
Frequency / mHz
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Analysis - Spectrum o

R ¢ Se(f) of F(f) | |
U(t) mp x(t) mp F(t) * Spectral analysis shows harmonics of
¥ modulation frequency
F(r)
102 4 It BUT:
= Displacement \ ur
=== Thermal Noise . . .
£ 10" 4 Read-out Noise v e * No stable environmental conditions
= T roree Signal — Violates underlying assumptions of a steady state
‘.qE_) — fo ~ 3.8 mHz Force Residuals % ying P y
3 Q=5 ¢
& 1§
5 107" 2 g Wi — 17-18h 22-23h —— 03-04h
) — 1t — 18-19h 23-00h =—— 04-05h
) by ._ N 1074 —— 19-20h 00-01h —— 05-06h
i | h T —— 20-21h 01-02h —— Thermal
: ol K 21-22h —— 02-03h == Readout
—r— T T —T ‘. 10° (S
1 10 100 <
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a
)
<
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. _ 107 (o [ 10°
Noise level varies up to 10x equency /Hz
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Analysis - Spectrum —
R Y Se(f) of F(f)
U(t) mp x(t) mp F(t) * Spectral analysis shows harmonics of
)| modulation frequency
F(r)
9 a9 BUT:

* No stable environmental conditions

— Violates underlying assumptions of a steady state...

—_— 17-18h 22-23h =—— 03-04h
~ 10° - 18-19h 23-00h =—— 04-05h
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e ——— ——— e Measuring graviiy generated by

—— = o a millimeter-sized source mass
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A Weekend in the life of Milli- —

_ _ﬁ =)
0% xIT 0

amplitude [m]
amplitude [m]

5 . L I I I I s L L
12 14 16 18 20 22 0 2 4 6 8 10 12 " o156 1T 1B

time [n] time [i] time [h] time [h] time [r]

Frequency [HZz]

r“ ‘ 'Ui
\‘,u‘ ! Tl !

2 4 6 8 10 12 14 16 18

Time [days]

]ll 'H
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A Weekend in the life of Milli-G =

%107 \\

amplitude [m]
amplitude [m]

23 45 8 T 8 8 0 12 14 16 18 20 2 0 2 4 6 8 10 12 [T R R
time r] time [h] time [h] time [r]

Friday 5.4. Saturday 6.4. Sunday 7.4.
12:00 00:00 12:00 00:00 12:00

Frequency [HZz]

Time [days]
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%108 «0* %108 \

'\

57 5

4 4

3 3

2 2
En E 1
[} ()
EN 20
g g
ru'1 ﬂl'1

2 2

3 3

4 4

- 304 5 6 7 8 9 10 12 14 16 18 20 22 0 2 4 6 8 10 12 w15 % 7 B oW N 2 0 2 4 6 8

time [i] time [h] time [h] time f]

i iy i}

Friday 5.4. Saturday 6.4. Sunday 7.4.
12:00 00:00 12:00 00:00 12:00

* 1 weekend time-series of milli-G
*  3mHz-100mHz band

Frequency [HZz]

Time [days]
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x10° \\

s 3 4 Enme [g] 7 8 9 10 ’ 12 14 16 lim;lﬁh] 20 22 0 2 4 ﬂfne - 8 10 12 AL ] 1N7'm[h]1& ® 20 2 0 2 4 6 &
Friday 5.4. Saturday 6.4. Sunday 7.4.
12:00 00:00 12:00 00:00 12:00
g
* 1 weekend time-series of milli-G - Table or pendulum work g
*  3mHz-100mHz band £
1 ju| I ‘|. i 1Y ’u‘" 4\\‘{‘*1“ Bl i 1

2 4 6 8 10 12 14 16 18 20
Time [days]
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Time [days]
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amplitude [m]
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=
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time [h] time f]

Friday 5.4. Saturday 6.4. Sunday 7.4.
12:00 00:00 12:00 00:00 12:00
* 1 weekend time-series of milli-G - Table or pendulum work :
*  3mHz-100mHz band Nighttime (0:00-7:00/0:30-5:30) ¢
- Normal weekday
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of Milli-G

\\

%108
:

amplitude [m]
amplitude [m]

2 3 4 5 [ 7 8 9 10 12 14 16 18
time [h] time [h]

20 22 0 2

time [h]

Friday 5.4.
12:00

Saturday 6.4.

00:00 12:00

* 1 weekend time-series of milli-G
*  3mHz-100mHz band

Sunday 7.4.

00:00 12:00

Table or pendulum work
Nighttime (0:00-7:00/0:30-5:30)
Normal weekday

o 2
3
€
:
5
=

Something new
Marathon (15t finisher)

Il
44D
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Analysis — Time Domain —

S¢(f) of F(f)
U(t) s x(t) mp F(t) ”

F(r)

Position dependent force measurement

Mapping of the gravitational potential
Online noise estimate

Single model parameter:
— coupling strength

AC Force / fN

AC Force / fN

100

Center of mass distance / mm

-
—
-
—_—
—
~=
=3
—_
-

e Weighted Mean
Bootstrap Std.
— Newtonian Fit
---- Literature G

—
=<5

3.0 3.5 4.0 4.5

Center of mass distance / mm
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Coupling Strength Measurements

OAW

X 10—11
| | - Weighted Mean
8 - Weighted Std.
== Syst. Uncertainty
= CODATA valuggs= =it 5 == = w= B wufi = mm mm s e S o S s o i .

(o)}

Run 2 Run 3 Run 4 Run 5

Coupling Strength / (Nm?/kg?)

Dec. 24 Dec. 31 Jan. 07 Jan. 14

Combined coupling strength
3

m
G = (6.04 £ 0.06) x 10‘11—2
kg s
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Coupling Strength / (Nm?/kg?)

7 wilen

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6

Dec. 24 Dec. 31 Jan. 07 Jan. 14

Deviation of 9% from CODATA (covered by systematics)
* Interaction is >90% gravitational

vieilded (
|

nflictinc

. Lniversitat ] OAW
Coupling Strength Measurements o
AT Combined coupling strength

1 —— Weighted Mean m3

8 Weighted Std. G = (6.04 + 0.06) x 10711 —
==+ Syst. Uncertainty kg S

e CODATA valuoms B o il o o o o o b e o o e o s o ‘ :

6 —:E N . o :i

Figure 1. Measurements of Newton'’s gravitational constant G have

2 (Mmart [
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ldentified Systematics —

* Data Evaluation: 1.7 x 102 * Mass uncertainties: 2.4 x 102 * External forces: 3.0 x 102
—  bandpass: 1.6e-2 — Source mass: 1.1e-3 —  Electrostatic (# charges): 3e-2
— downsampling: 1e-3 —  Test mass: 1.1e-3 — Magnetic: 1e-4
— response shaping: 1e-5 —  Sphere — suspension connection: 8.6e-3 —  Seismic: ?
— AAfilter: 2e-6 —  Suspension: 6.1e-3
— Capillary: 4.5e-3
—  Glue: 3e-3

— Counterbalance mass: 1.1e-4

. ) x10™1
* Pendulum properties: 4.7 x 102 o
. . . o —— Weighted Mean
— . - X -
Drl.ve calibration: 1.6e-2 R Weighted Std.
- He|ght Offset 1.56-2 E —— Syst Uncertainty
—  Readout calibration: 6e-3 =
— Quality factor: 5e-3 = | copaTAvallog-B-tmmmlamemm e __ N _ N
—  Source mass roundness: 3.2e-3 2l |
o6 —
—  Test mass roundness: 1e-3 = H | |
—  Mass separation: 1e-3 =2 T_
i ______________________________________________
§ Run 1 Run 2 Run 3 Run4  Run5 Run 6
T 1

Identified systematics have NOT been corrected!
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il ldentified Systematics o

* Data Evaluation: 1.7 x 102 * Mass uncertainties: 2.4 x 102 * External forces: 3.0 x 102
—  bandpass: 1.6e-2 — Source mass: 1.1e-3 —  Electrostatic (# charges): 3e-2
— downsampling: 1e-3 —  Test mass: 1.1e-3 — Magnetic: 1e-4
— response shaping: 1e-5 —  Sphere — suspension connection: 8.6e-3 —  Seismic: ?
— AAfilter: 2e-6 —  Suspension: 6.1e-3
— Capillary: 4.5e-3
—  Glue: 3e-3

— Counterbalance mass: 1.1e-4

x =11
* Pendulum properties: 4.7 x 102 -
—  Drive calibration: 1.6e-2 sd 1 — x:g:ij th:?n
—  Height offset: 1.5e-2 —— Syst. Uncertainty
— Readout calibration: 6e-3
— Quality factor: 5e-3 L CODATA vallomm Bt e el e e e e — e e e e B e B = 1R = ]

—  Source mass roundness: 3.2e-3

m
I
[

—  Test mass roundness: 1e-3

—  Mass separation: 1e-3

Coupling Strength / (Nm?/kg?)
|

Identified systematics have NOT been corrected!
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Summary and Future Prospects

Gravitational field of 2mm gold sphere is detectable
* with a tabletop experiment at room temperature
* in a noisy urban environment

a

Decrease the distance Decrease the mass
* Probe corrections for * Measure gravitational field of
Newton a Planck mass sized object
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Summary and Future Prospects  —

Gravitational field of 2mm gold sphere is detectable
* with a tabletop experiment at room temperature
* in a noisy urban environment

Decrease the distance Decrease the mass
Probe corrections for * Measure gravitational field of
Newton a Planck mass sized object
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Next steps: going smaller in mass...

:g "




PR U Fecgerere Lab Relocation "

*  COBS 80km south of Vienna

_ , * One of the best sites for magnetic and
Sl N (i) || AN seismic observations world wide

o i
o :

* |deal lab conditions

Klosterne"&burg
N\

/

Seismic Noise in Vienna (blue) and Conrad Obs. (red)
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- Possible Planck Mass Measurements —
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+ Speed at Zero-Crossing
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2021-08-13 2021-08-14 2021-08-15 2021-08-16 2021-08-17
.
2021-08-13 2021-08-14 2021-08-15 2021-08-16 2021-08-17

Advantages @ COBS
* Stable environment

* Abundance of available sensors
° Q=4 -> Q=18k

Rotary Source Mass

3-5 source masses
mg=m,
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Quantum Systems as Gravitational Source masses O

coherence
time (sec) How big can we get?

100 maltter

wave
1073 |
R
1076 @}#\ q&o"
‘39:‘” . How small can we get?
10~° O\ mechanicfl noll Smallest source mass to date: 0.09 g
quahl:um A 9 rcxvi&v
10—12 source masses
——

10—20 10—15 10-10 10-5 100
mass (kq)

Hans Hepach —1QOQI Vienna



gow i\éﬁrsitét . _ _ OAW
Main Ingredients or Experimental Challenges —

o @ &

Solid-State Mechanical Matter-Wave Interferometry Levitated (Opto-) Mechanics
Quantum Devices (clamped) (free-fall)
101° — 1016 atoms 109 — 10% atoms Quantum control of trapped
solid state object >> 10°
Coherence Time Coherence Time atoms
1012 — 108 seconds 10-3 — 10° seconds Long coherence time up to
: seconds

TPPF320
L{ CasaH190F370N4S1, e

Arbitrary potential landscape

Exceptional force sensitivity

ks 10 nm
Nature 464, 697 (2010) Neture Nenotech, 7, 207 (2012) recent review: |
Gonzalez-Ballestero et al., Science 374, 168 (2021)
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Reisenbauer

Laser cooli
coherent scattering
into an optical cavity

c

Delic et al., PRL 122, 123602 (2019) — W, = 21 X 305 kHz Delic¢ et al., Science 367, 892 (2020)
Windey et al., PRL 122, 123601 (2019
g 2019) I w, ~ 21 x 80 kHz

n, < 0.5 (ground state probability > 2/3)

/ wy ~ 21 X 275 kHz Center-of-mass Tc = 12uK; environment Te > 300K
p = le-6 mbar, T = 300K g, = 2n x 71 kHz, Cooperativity C=5
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Quantum Kalman Control: Ground-State Cooling —

Magrini et al., Nature 595, 373 (2021)

« Confocal backplane imaging allows
quantum limited position
measurement @ 1.7 x Heisenberg
limit (10-'* m/sqrt{HzZ})

* Kalman filtering allows real-time

tracking of the quantum trajectory %
@ 1.3 x zero-point motion T‘ !
Constanze

» Optimal feedback (LQR) allows to
stabilize particle motion in its

Andreas Kugi
@ TU Wien

related:
Wieczorek et al., PRL 114, 223601 (2015)
Rossi et al., PRL 123, 163601 (2019)
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Quantum Kalman Control: Ground-State Cooling —

Magrini et al., Nature 595, 373 (2021)

« Confocal backplane imaging allows

quantum limited position Jrmameen | o fensn
measurement @ 1.7 x Heisenberg ﬂ IMI -]
limit (10-4 m/sqrt{Hz}) B s r——" o
- Kalman filtering allows real-time ot
tracking of the quantum trajectory ,.L g — women .s
@ 1.3 x zero-point motion | \ 3 S 4
] Constanze

. Optimal feedback (LOR) allows to | |  /Z&&) 18
stabilize particle motion in its | f i o s o P P AR

] Measurement limit: {n) = (1/y/q — 1)/2

1 1
50 100
gm/2m [kHz]

Andreas Kugi

related: :
Wieczorek et al., PRL 114, 223601 (2015) @ TU Wien

Rossi et al., PRL 123, 163601 (2019)
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AHC coils

ca.
Planck
mass

z-mode ringdown

Witlef Wieczorek
- Chalmers

Displacement in m

Michael Trupke

Timein s
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Summary —

Levitated quantum control in the regime of large mass and long coherence times

* Bottom-Up: Quantum regime of nanoparticles - Top-Down: Gravitational coupling of mm-sized particles

150 nm particle = 10° atoms 2 mm particle = 102! atoms

Largest quantum mass in our lab: Smallest gravitational source mass to date
Quantum motion of a silica nanosphere (2mm gold sphere = 4,000 times the Planck mass)
at room temperature

Delic et al., Science 367, 892 (2020)

Magrini et al., Nature 595, 373 (2021) Westphal et al., Nature 591, 225 (2021)
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Quantum- “Mechanlcs“ in Vlenna
The Levitation Team 2022

<
ﬁoratlon part@ ,
RC Synergy team: LukasNovotny, Rofnam deant(ETH, /‘OFIO| Romero Isart (Inﬁsbruck)
Eric A eIJ;xerger’ UWash) / Caslav Brukner (Vienna) / Rudolf ¢ )
fionika Marte (Innsbruck) / Viadan Vuletic (MIT) / Robe

T k. | S | LLIF AR T3 universitat
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ComplexQuantumSystems
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Jonas Schmale PhD thesis (2017)
Jonas Schmole et al., Class. Quant. Grav. 33 (2016)
T. Westphal, et al., Nature, 225-228 (2021)
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Westphal, et al. Nature 591, 225-228 (2021)
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