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In quantum gravity, classical physics and quantum mechanics are at
odds: scientists are still uncertain how to reconcile the quantum
"granularity" of space-time at the Planck scale with the theory of special
relativity. In their attempts to identify possible tests of the physics
associated with this difficult union, the most commonly studied scenario
is the one that implies violations of  "Lorentz invariance", the principle
underlying special relativity. However, there may be another approach:
to salvage special relativity and to reconcile it with granularity by
introducing small-scale deviations from the principle of locality. A
recent theoretical study just published in Physical Review Letters and led
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by the International School for Advanced Studies (SISSA) in Trieste has
analysed such a model demonstrating that it can be experimentally tested
with great precision. The team is already collaborating on developing an
experiment, which will take place at the LENS (European Laboratory
for Non-linear Spectroscopy) in Florence, some members of which have
also taken part in the theoretical study.

Our experience of space-time is that of a continuous object, without
gaps or discontinuities, just as it is described by classical physics. For
some quantum gravity models however, the texture of space-time is
"granular" at tiny scales (below the so-called Planck scale, 10-33 cm), as
if it were a variable mesh of solids and voids (or a complex foam). One
of the great problems of physics today is to understand the passage from
a continuous to a discrete description of spacetime: is there an abrupt
change or is there gradual transition? Where does the change occur?

The separation between one world and the other creates problems for
physicists: for example, how can we describe gravity – explained so well
by classical physics – according to quantum mechanics? Quantum
gravity is in fact a field of study in which no consolidated and shared
theories exist as yet. There are, however, "scenarios", which offer
possible interpretations of quantum gravity subject to different
constraints, and which await experimental confirmation or confutation.

One of the problems to be solved in this respect is that if space-time is
granular beyond a certain scale it means that there is a "basic scale", a
fundamental unit that cannot be broken down into anything smaller, a
hypothesis that clashes with Einstein's theory of special relativity.

Imagine holding a ruler in one hand: according to special relativity, to an
observer moving in a straight line at a constant speed (close to the speed
of light) relative to you, the ruler would appear shorter. But what
happens if the ruler has the length of the fundamental scale? For special
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relativity, the ruler would still appear shorter than this unit of
measurement. Special relativity is therefore clearly incompatible with
the introduction of a basic graininess of spacetime. Suggesting the
existence of this basic scale, say the physicists, means to violate Lorentz
invariance, the fundamental tenet of special relativity.

So how can the two be reconciled? Physicists can either hypothesize
violations of Lorentz invariance, but have to satisfy very strict
constraints (and this has been the preferred approach so far), or they
must find a way to avoid the violation and find a scenario that is
compatible with both granularity and special relativity. This scenario is
in fact implemented by some quantum gravity models such as String
Field Theory and Causal Set Theory. The problem to be addressed,
however, was how to test their predictions experimentally given that the
effects of these theories are much less apparent than are those of the
models that violate special relativity. One solution to this impasse has
now been put forward by Stefano Liberati, SISSA professor, and
colleagues in their latest publication. The study was conducted with the
participation of researchers from the LENS in Florence (Francesco
Marin and Francesco Marino) and from the INFN in Padua (Antonello
Ortolan). Other SISSA scientists taking part in the study, in addition to
Liberati, were PhD student Alessio Belenchia and postdoc Dionigi
Benincasa. The research was funded by a grant of the John Templeton
Foundation.

"We respect Lorentz invariance, but everything comes at a price, which
in this case is the introduction of non-local effects", comments Liberati.
The scenario studied by Liberati and colleagues in fact salvages special
relativity but introduces the possibility that physics at a certain point in
space-time can be affected by what happens not only in proximity to that
point but also at regions very far from it. "Clearly we do not violate
causality nor do we presuppose information that travels faster than
light", points out the scientist. "We do, however, introduce a need to
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know the global structure so as to understand what's going on at a local
level". 

From theory to facts

There's something else that makes Liberati and colleagues' model almost
unique, and no doubt highly precious: it is formulated in such a way as to
make experimental testing possible. "To develop our reasoning we
worked side by side with the experimental physicists of the Florence
LENS. We are in fact already working on developing the experiments".
With these measurements, Liberati and colleagues may be able to
identify the boundary, or transition zone, where space-time becomes
granular and physics non-local.

"At LENS they're now building a quantum harmonic oscillator: a silicon
chip weighing a few micrograms which after being cooled to
temperatures close to absolute zero, is illuminated with a laser light and
starts to oscillate harmonically" explains Liberati. "Our theoretical model
accommodates the possibility of testing non-local effects on quantum
objects having a non-negligible mass". This is an important aspect: a
theoretical scenario that accounts for quantum effects without violating 
special relativity also implies that these effects at our scales must
necessarily be very small (otherwise we would already have observed
them). In order to test them, we need to be able to observe them in some
way or other. According to our model, it is possible to see the effects in
'borderline' objects, that is, objects that are undeniably quantum objects
but having a size where the mass – i.e., the 'charge' associated with
gravity (as electrical charge is associated with electrical field) - is still
substantial."

"On the basis of the proposed model, we formulated predictions about
how the system would oscillate", says Liberati. "Two predictions, to be
precise: one function that describes the system without non-local effects
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and one that describes it with local effects". The model is particularly
robust since, as Liberati explains, the difference in the pattern described
in the two cases cannot be generated by environmental influences on the
oscillator. "So it's a 'win-win' situation: if we don't see the effect, we can
raise the bar of the energies where to look for the transition. Above all,
the experiments being prepared should be able to push the constraints on
the non-locality scale to the Planck scale. In this case , we go as far as to
exclude these scenarios with non-locality. And this in itself would be a
good result, as we would be cutting down the number of possible
theoretical scenarios", concludes Liberati. "If on the other hand we were
to observe the effect, well, in that case we would be confirming the
existence of non-local effects, thus paving the way for an altogether new
physics."

  More information: Alessio Belenchia et al. Testing Quantum Gravity
Induced Nonlocality via Optomechanical Quantum Oscillators, Physical
Review Letters (2016). DOI: 10.1103/PhysRevLett.116.161303
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