Short Reports

Experimental Test of Macroscopic
Realism Problem Using a
Superconducting Flux Qubit

1. Introduction

NTT and the University of Illinois have conducted
an experimental test on the breaking of macroscopic
realism™! in a superconducting circuit using a flux
qubit™.

The idea that an observed object exists even before
it is observed is called realism. This is commonly
accepted in the macroscopic world in which we live.
In contrast, in the microscopic world described by
quantum mechanics™?, realism is broken™. This
means that a state cannot be determined before it is
observed and is in fact determined by the observation.
If the macroscopic world is also described by quan-
tum mechanics, realism must be broken there. The
question is, can realism be broken in the macroscopic
world, or is there a limitation to the application of
quantum mechanics in the macroscopic world? This
is one of the biggest unsolved problems since the
discovery of quantum mechanics.

We tested this using a superconducting flux qubit
that had 10'? electrons flowing around it per second
and found that realism was broken in this supercur-
rent. We demonstrated that quantum mechanics is
applicable on a macroscopic scale in this supercur-
rent. This contributes significantly to the field of
fundamental physics and shows that a superconduct-
ing flux qubit works as a real quantum device.

This work was published in the online version of
Nature Communications on the 4th of November,
2016 (GMT) [1].

2. Background

Even a single electron passing through a double slit
exhibits interference fringes™. Interference fringes
do not appear if the electron passes through only one
slit. This means that superposition is realized between
the left slit passed state and the right slit passed state.

These interference fringes disappear when we obtain
information (by observation) revealing the slit that
the electron passed through. This means that realism,
as it is commonly accepted in the macroscopic world,
does not hold in the microscopic world described by
quantum mechanics. We can expect realism to be
broken in the macroscopic world if this world also
obeys quantum mechanics. The purpose of our work
is to demonstrate the breaking of macroscopic real-
ism, and thus imply that our commonly held belief is
wrong (Fig. 1).

3. Experiment

NTT Basic Research Laboratories carried out a test
experiment on breaking macroscopic realism using a
superconducting flux qubit made of aluminum and
demonstrated breaking of the realism of a supercon-
ducting flux qubit current state by 84 times the stan-
dard deviation. This work demonstrated that quantum
mechanics can be applied on a macroscopic scale
with a large supercurrent and is not simply limited to

*1 Realism: The idea that an object exists independent of its obser-
vation, for example, “The moon exists even when no one looks at
it”

*2  Superconducting flux qubit: A superconducting circuit construct-
ed from a superconducting loop including Josephson junctions.
By applying a magnetic field with an optimal bias, we can con-
sider this circuit to be a quantum two-level system, with clock-
wise and anti-clockwise current states.

*3  Quantum mechanics: A set of physical laws that can govern the
behavior of particles and waves at the microscopic level (for ex-
ample in electrons and atoms). It allows strange behavior such as
quantum superposition and entanglement.

*4 Realism breaking: The idea that the state is determined at (not
before) the time of the observation. For example, with a quantum
superposition of two states, the state is not determined before its
observation. The observation collapses one of the two states that
make up the superposition.

*5 Interference fringes: A stripe pattern appearing when a system
composed of several superposed waves is measured.
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Realism, as commonly understood in the macroscopic world, is denied in the microscopic world described by quantum
mechanics. We tested the breaking of macroscopic realism, which will occur if the macroscopic world also obeys

quantum mechanics.

Macroscopic realism
The moon exists even if no one is looking at it.
Dice pips are fixed without anyone looking at them.
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Fig. 1. Breaking of macroscopic realism.

a microscopic scale.

The experiment was performed by cooling a super-
conducting qubit to 10 mK. This enables us to pre-
pare qubits in the lowest energy state (ground state:
—1) because there is no thermal excitation in this tem-
perature region. We then read out the qubit state after
performing two operations (qubit state rotations) on
the superconducting flux qubit. We compared the
results obtained with and without observation during
these two qubit operations.

We prepared the flux qubit in a coherent superposi-
tion of its ground (-1) and excited (+1) states with a
first state operation and measured the difference
between the results with and without observation
(main experiment©). If realism is true, we can expect
the readout result to be independent of the observa-
tion because the state is determined before the obser-
vation. On the other hand, if realism is broken by
quantum superposition, the qubit state will become
+1 or —1 as a result of the observation. In our case,
differences appeared in the readout results because of
the observation.

Next, we carried out control experiments to confirm
that the observation did not disturb the qubit state
(control experiment*’). We prepared +1 or —1 states
by using the first state operation and measured the
difference between the results caused by the exis-

Vol. 15 No. 2 Feb. 2017

tence of the observation. By confirming that this dif-
ference is small, we can confirm the non-invasiveness
of the observation, which means that our (+1, —1)
control state was not changed by the observation. The
difference from the result of our main experiment was
well beyond that of the control experiments, meaning
that we successfully demonstrated realism breaking
on macroscopic objects such as a current state.

4. Technical features

(1) Measurement method mathematically equiva-
lent to Leggett-Garg inequality®
To confirm the breaking of realism on a physical

*6 Main experiment: This is an experiment designed to confirm that
the generated superposition state changes into one of +1 or —1
states by observation. It is expected that the results obtained with
and without observation show different values, respectively, if a
quantum superposition state is realized.

*7 Control experiments: These are experiments undertaken to con-
firm that the state is not changed by observation when we prepare
a pure +1 or —1 state. We expect to see sufficient small observa-
tion induced changes in these experiments to distinguish changes
in the superposition state.

*8 Leggett-Garg inequality: An inequality obtained by correlating
values measured at several different times. This inequality is sat-
isfied in a system in which realism appears; however, this is
sometimes broken in the quantum world.
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system, we first need to demonstrate the breaking of
the condition called the Leggett-Garg inequality. This
inequality is always satisfied if realism is correct;
however, it can be broken in systems that do not obey
realism, for instance, quantum mechanics. It is diffi-
cult to show the breaking of the Leggett-Garg
inequality directly because we have to measure the
qubit state at least three times using high fidelity
detection while the qubit maintains its quantum char-
acteristics. These are hard conditions to achieve
experimentally. We used an alternative method that is
mathematically equivalent to the Leggett-Garg
inequality and that avoids this detection difficulty.

(2) Superconducting flux qubit and state observa-
tion

To show the breaking of macroscopic realism, we
need to detect small disturbances caused by observ-
ing a macroscopic system. A superconducting flux
qubit has two states corresponding to +1 and —1. In
each state, a few hundred nanoamperes of supercon-
ducting circulating current flow clockwise and anti-
clockwise, respectively. These currents correspond to
10'? electrons flowing around the loop per second,
and this is a sufficiently macroscopic value to be
detected with a current meter. It is necessary to
observe the qubit current state without disturbing it.

However, quantum non-demolition measurement”?,
which can achieve this, has proved difficult to realize.
We achieved fast and highly accurate quantum non-
demolition measurement of a superconducting flux
qubit current state using a Josephson bifurcation
amplifier™!0.

5. Future plans

We aim to demonstrate measurements with much
less observation disturbance and to increase the mac-
roscopic nature of the system by using a large super-
current qubit or an ensemble of superconducting flux
qubits.
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*9  Quantum non-demolition measurement: A measurement that
keeps the state after measurement unchanged when we prepare
an eigenstate such as an excited state or a ground state.

*10 Josephson bifurcation amplifier: A device for detecting small dis-
placements. We can generate a bistable state in a nonlinear reso-
nator including a Josephson junction by driving it with an opti-
mal microwave. The nonlinear resonator converges to a different
stable state depending on the displacement of the coupled object,
so we can obtain information about displacement. We can read
out a superconducting flux qubit state quantum non-destructively.
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