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Testing a quantum black box

What properties of a system 
can we test for/understand 

with limited access?
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Sixty years ago, physicists congregated to 
discuss gravity in a seminal conference 
at the University of North Carolina in 

Chapel Hill. Richard Feynman proposed a 
thought experiment to analyse a deep prob-
lem: the incompatibility of quantum theory 
and general relativity1. We think that his 
argument needs revisiting. 

General relativity is a ‘classical’ theory, in 
that any quantity that can be observed — such 
as the gravitational field — has a definite value 
that can be represented by real numbers. In 
quantum theory, by contrast, observables 
such as position or velocity cannot both have 
definite values at the same time. A particle 
may exist in a ‘superposition’ of states — being 
in two places at once, for example. When you 
measure its location you get a certain value, 
but you cannot predict ahead of the meas-
urement what it will be. Hence the notorious 

story of Schrödinger’s cat. According to 
quantum theory, one can set up an experi-
ment where a cat hidden in a box with deadly 
poison is in a superposition of being alive or 
dead until someone opens the box and reveals 
its fate. 

Feynman’s imagined experiment goes 
to the heart of this clash. First, he consid-
ers a mass in a quantum superposition of 
two locations, A and B. General relativity 
describes how the mass interacts with the 
gravitational field: the mass falls according 
to the strength of gravity locally and also 
changes the field’s value slightly at A and B 
by its presence. This brings us to a curious 
situation, Feynman reasoned. Applying both 
theories implies that, like Schrödinger’s cat, 
the gravitational field must also assume two 
configurations at once: corresponding to the 
mass being at either A or B. Gravity, in other 

words, takes on a quantum nature when it 
interacts with a mass that is also behaving in 
a quantum way.

Feynman identifies two ways to solve this 
contradiction. Either quantum theory pre-
vails and gravity too is ‘quantized’; or gen-
eral relativity prevails and quantum theory 
applies only at certain scales. Some principle 
yet to be discovered determines what those 
scales are2,3. Feynman then poses the central 
question: is it possible to design an experi-
ment that rules out either possibility? So far, 
no one has proposed one. 

The reason is that most physicists think 
that the intersection between quantum 
theory and general relativity is too difficult 
to access through laboratory experiments. 
And they assume that firm predictions are 
impossible without a fully fledged theory of 
‘quantum gravity’, which combines quantum 

Witness gravity’s 
quantum side in the lab

Physicists should rethink interference experiments to reveal whether or not general 
relativity follows classical theory, argue Chiara Marletto and Vlatko Vedral. 

Interference patterns in double-slit experiments have demonstrated the quantum nature of large molecules.
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Mirror

PATH B PATH A

QUANTUM GRAVITY TEST
If gravity follows quantum theory, it should set into a superposition of many states at once 
when it interacts with a mass that is also behaving in this way. A second mass could be used as 
a probe to pick up that quantum state. Measuring the probe’s state could determine whether it 
has been superposed, thus proving whether gravity exhibits quantum behaviour. 

Beam splitter

Mass 1

Mass 2

Superposed
states

1. A mass travels along either of two paths 
A and B in an interference experiment. 

2. If it obeys quantum 
mechanics, the mass 
always ends up at A. 

3. If the gravitational field 
behaves in a quantum way it 
also takes on a superposition 
of states, corresponding to the 
mass being at A or B.

4. A second mass 
brought close takes 
on the superposition 
of two gravitational 
states.

5. When its state is 
measured, it always gives 
one outcome linked to 
that superposition.
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Figure 4: Phonon coherence properties. a, Phonon T1 measurement. Black line is a fit to an

exponential decay plus a decaying sinusoid. b, Phonon T2 measurement. The phase of the second

⇡/2 pulse is set to be (!0 + ⌦)t, where t is the delay, !0 is the detuning between the qubit and

phonon during the delay, and ⌦ provides an additional artificial detuning. Black line is a fit to an

exponentially decaying sinusoid with frequency ⌦.
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Figure 1: Qubit with piezoelectric transducer. a, False color SEM image of a transmon qubit on

a sapphire substrate with one electrode covering an AlN transducer, which is ⇠ 900 nm thick and

d = 200 µm in diameter. b. Schematic of piezoelectric coupling to the modes of a HBAR (not to

scale). The longitudinal part of the wavefunction given in Equation 1 is illustrated by a sinusoidal

profile with wavelength � = 2h/l on the cylindrical mode volume defined by the transducer. The

transverse energy density profile of s
l,0(~x) is plotted in 3D, showing the effective confinement of

energy inside the mode volume, while some energy leaks out due to diffraction. This also illustrates

that the s
l,0(~x) mode is equivalent to the s0

l,3(~x) mode of a larger volume with diameter a.
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Creating a non-classical massive 
superposition

(|0i+ |1i) |vaci ! |0i (1 + ei�a†) |vaci ! (|0i+ ei� |1i) |vaci

Quantum acoustics with superconducting qubits

Yiwen Chu1, Prashanta Kharel1, William H. Renninger1, Luke D. Burkhart1, Luigi Frunzio1, Peter

T. Rakich1, & Robert J. Schoelkopf1

1Department of Applied Physics, Yale University, New Haven, Connecticut 06511, USA and Yale

Quantum Institute, Yale University, New Haven, Connecticut 06520, USA

The ability to engineer and manipulate different varieties of quantum mechanical objects al-

lows us to take advantage of their unique properties and create useful hybrid technologies1.

Thus far, complex quantum states and exquisite quantum control have been demonstrated in

systems ranging from trapped ions2, 3 and solid state qubits4, 5 to superconducting microwave

resonators6, 7. Recently, there have been many efforts8, 9 to extend these demonstrations to

the motion of complex, macroscopic objects. These mechanical objects have important prac-

tical applications in the fields of quantum information and metrology as quantum memories

or transducers for measuring and connecting different types of quantum systems. In pur-

suit of such macroscopic quantum phenomena, mechanical oscillators have been interfaced

with quantum devices such as optical cavities and superconducting circuits10–12. In particu-

lar, there have been a few experiments that couple motion to nonlinear quantum objects13–15

such as superconducting qubits. Importantly, this opens up the possibility of creating, stor-

ing, and manipulating non-Gaussian quantum states in mechanical degrees of freedom. How-

ever, before sophisticated quantum control of mechanical motion can be achieved, we must

overcome the challenge of realizing systems with long coherence times while maintaining a
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M ~ 0.1 mg 
Quantum Q ~105!



Classical force?  No entanglement allowed
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x2
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Screen properties: 
(1) Reproduce classical 

(Ehrenfest) dynamics 
(2) Let no entanglement 

(quantum information) 
through!

[ Kafri & JMT, 2013,  
Kafri, Milburn, JMT 2014, 2015 ]







Testing entanglement generation via gravity: 
coupled Cavendish-style torsional oscillators

g  Gn/! ⇠ 10�6Hz2

! => one phonon every 3,000 s

Thermal background at 10 mK ~ one phonon every 10 s

Procedure 
(1) Verify g is due to gravity 
(2) Estimate heating rate  

over 3000 s 
(3) Repeat 107 times

Hard experiment but 
embarrassingly parallel



Testing the concept: NIST’s big-G apparatus

D. Carney, J. Stirling, C. Speake, S. Schlamminger


