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An atom’s walk in an optical lattice is used to test a key principle of quantum physics.
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Everyday experience tells us that big objects—eggs
and humans—do not appear to exist in a superposition of
states like that possible for more quantum objects, such
as electrons. Does this mean quantum physics fundamen-
tally doesn’t apply to objects beyond a certain size? A
new experiment that allows the motion of a large atom in
an optical lattice to be tracked could help in the search
for a size cutoff. Using this setup, Carsten Robens at the
University of Bonn, Germany, and his colleagues demon-
strated that a cesium atom travels in a truly nonclassi-
cal fashion, moving as a quantum superposition of states
and thus occupying more than one distinct location at
a time [I]. Larger objects have been observed to have
such inherently quantum properties, but the observation
of Robens et al. is based on a stringent test considered to
be the gold standard for confirming that a superposition
exists. As such, their experiment constrains theories of
physics that aim to replace quantum mechanics. Their
technique could also be used to test superpositions on
even more macroscopic scales, such as with larger atoms
or molecules.

Most experiments aiming to verify that a particle is in
a quantum superposition of states look for evidence of
interference. The classic experiment is to pass an elec-
tron through a pair of slits: The resultant fringes are
suggestive of the wavelike behavior that quantum theory
ascribes to fundamental particles. Yet even though these
experiments agree with what quantum theory predicts,
they aren’t foolproof tests because a classical explana-
tion is possible: one can imagine that the electron actu-
ally goes through one slit or the other, and never through
both simultaneously (as quantum physics would have it.)

In a theoretical paper in 1985, Anthony Leggett and
Anupam Garg [2] approached the problem quite differ-
ently. Rather than looking to verify quantum theory,
they suggested that one should instead try to rule out the
alternatives by demonstrating that anything other than
a quantum description led to a contradiction with ex-
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perimental observation. They defined a viewpoint called
macrorealism, which rests on two assumptions in conflict
with quantum theory: an object of sufficiently large size
is always in one place at a time (macroscopic superposi-
tions can’t exist) and the object’s location can be deter-
mined without disturbing it. They showed that if macro-
realism were true, measurements performed at different
times on an object could only be statistically correlated
up to a certain degree, a relation they expressed math-
ematically through the Leggett-Garg inequality. Exper-
iments that indicated otherwise, i.e., that violated this
inequality, would clearly show macrorealism to be false.
Their work inspired a number of experiments [3] on pho-
tons [4], nuclear spins [5} [6], and superconducting circuits

.

In comparison with these earlier experiments, the
atoms studied in the experiments by Robens et al.’s are
the largest quantum objects with which the Leggett-Garg
inequality has been tested using what is called a null mea-
surement—a “noninvasive” measurement that allows the
inequality to be confirmed in the most convincing way
possible. In the researchers’ experiment, a cesium atom
moves in one of two standing optical waves that have
opposite electric-field polarizations, and the atom’s po-
sition is measured at various times. The two standing
waves can be pictured as a tiny pair of overlapping one-
dimensional egg-carton strips—one red, one blue (Fig.
. The experiment consists of measuring correlation be-
tween the atom’s position at different times. Robens et
al. first put the atom into a superposition of two in-
ternal hyperfine spin states; this corresponds to being in
both cartons simultaneously. Next, the team slid the two
optical waves past each other, which causes the atom to
smear out over a distance of up to about 2 micrometers in
a motion known as a quantum walk. Finally, the authors
optically excited the atom, causing it to fluoresce and re-
veal its location at a single site. Knowing where the atom
began allows them to calculate, on average, whether the
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FIG. 1: In the experimental test by Robens et al., a large atom
(cesium) moves in one of two possible optical fields—here in-
dicated in red and blue. The fields have a periodic “egg-
carton”-like potential. The authors prepared the atom in a
superposition of two atomic states, which was equivalent to
the atom simultaneously sitting in the red optical carton and
the blue optical carton, and determined the atom’s position by
detecting its fluorescence as the two cartons were slid apart.
(APS/Alan Stonebraker)

atom moved left or right from its starting position. By
repeating this experiment, they can obtain correlations
between the atom’s position at different times, which are
the inputs into the Leggett-Garg inequality.

Now, a macrorealist would claim that the atom never
started in a superposition; rather, at any given instant,
it was only in the bin of one carton or the other. Fur-
thermore she might argue that a fluorescence measure-
ment was invasive to later measurements. Therefore, as
Leggett and Garg originally proposed, Robens et al. used
the “null result” measurement technique at one of the in-
termediate times in their experiment. In simple terms, a
null measurement allows the experimenter to determine
the atom’s location without directly interacting with it.
To do this, the authors simply shift one of the standing
waves—or cartons—by a long distance. Let’s say they
shift the red carton away. If the atom fails to light up
when a later fluorescence measurement is performed one
knows the atom was in the red carton, was strongly in-
teracted with, and ended up far away. Repeating this
experiment, however, sometimes one finds the atom light-
ing up. One can then be sure the atom was in the blue
carton before the shift, when the measurement was ac-
tivated. Moreover, one knows that the blue carton, and
therefore the cesium atom, was not tampered with.

If macrorealism described reality, a null measurement
wouldn’t affect the outcome of the final fluorescence mea-
surement, and the total amount of correlation of the
atom’s position over different instances in time would
be understandable without quantum mechanics. But
this strikes at the heart of what makes quantum me-
chanics so strange. Crucially, when the atom is smeared
out, as opposed to having a definite position, even null
measurements have an effect. This smearing leads to a
stronger total correlation than is possible under macro-
realism, a fact captured mathematically by a violation
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of the Leggett-Garg inequality. This is precisely what
Robens et al. find, and it means that macrorealism can-
not apply to their cesium atom.

Almost a century after the quantum revolution in sci-
ence, it’s perhaps surprising that physicists are still try-
ing to prove the existence of superpositions. The real mo-
tivation lies in the future of theoretical physics. Fledgling
theories of macrorealism may well form the basis of the
next generation “upgrade” to quantum theory by setting
the scale of the quantum-classical boundary. Thanks to
the results of this experiment, we can be sure that the
boundary cannot lie below the scale at which the cesium
atom has been shown to behave like a wave. How high
is this scale? A theoretical measure of macroscopicity
[8] (see 18 April 2013 Synopsis) gives the cesium atom
a modest ranking of 6.8, above the only other object
tested with null measurements [5], but far below where
most suspect the boundary lies. (Schrodinger’s cat is
a 57.) In fact, matter-wave interferometry experiments
have already shown interference fringes with Buckmin-
sterfullerene molecules [9], boasting a rating as high as
12. In my opinion, however, we can be surer of the
demonstration of the quantumness of the cesium atom
because of the authors’ exclusion of macrorealism via null
result measurements. The next step is to try these exper-
iments with atoms of larger mass, superposed over longer
time scales and separated by greater distances. This will
push the envelope of macroscopicity further and reveal
yet more about the nature of the relationship between
the quantum and the macroworld.

This research is published inPhysical Review X.
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