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General relativity (GR) conceives of gravity as an expres-
sion of a non-trivial geometry of spacetime. Studying this
geometry has led to the prediction of the existence of black
holes and gravitational waves. The detections of both of
these phenomena have been awarded with Nobel Prizes,
signalling their widespread acceptance in physics. Apart
from these spectacular successes, GR is indispensable in
mundane tasks such as ordinary navigation on which mil-
lions of users routinely rely. In short, GR is as firmly con-
firmed as a theory of gravity (and thus of spacetime) as ever.

However, GR assumes that the matter-energy content of
the universe is purely classical. If there is any grand les-
son the history of 20"-century physics teaches us, then it is
of course that matter is fundamentally quantum. Although
GR is an excellent approximation to gravitational physics in
situations in which the quantum nature of matter does not
show, we thus need a theory, which can combine (classical
or quantum) gravity with quantum matter. This is the project
of quantum gravity. One can reasonably expect that such a
theory will be necessary to understand the physics of black
holes and of the very early universe in particular, i.e., do-
mains in which strong gravitational fields meet quantum be-
haviour of matter or energy. To date, as empirical constraints
remain weak, theorizing in quantum gravity has produced
a number of research programmes based on rather differ-
ent principles, methods, and techniques. Most prominent is
string theory [6], but there are also loop quantum gravity [7]
and causal set theory [9], to name just three examples.

GR has revolutionized our conceptions of space and time,
but quantum gravity may well turn out to have much more
radical implications here. This is perhaps what one would
expect, given that quantum gravity fuses insights from
quantum physics with those of GR. As it turns out, many ap-
proaches to quantum gravity either presuppose or entail that
space and time disappear from the fundamental description
of the world [4]. Just as hydrodynamics describes the motion
of fluids emerging from a fundamental reality of elementary
particles, which by themselves are in no meaningful sense
‘fluids’, GR becomes an effective theory describing a space-
time emerging from a fundamental reality, which in itself is
not directly spatiotemporal. And just as elementary particles
interact to form molecules, which may collectively behave
like a liquid governed by the Navier-Stokes equations un-
der favourable circumstances, the fundamental degrees of
freedom postulated in quantum gravity may collectively, and
in serendipitous cases, give rise to a spacetime satisfying
Einstein’s field equation.

In string theory —which extrapolates principles and methods
honed on high-energy particle physics—, we have a frame-
work of various theories, some of which are related by so-
called ‘dualities’. A duality is a relation between two theories
that establishes that the two theories are in some sense
physically equivalent. For example, T-duality establishes the
equivalence between the physics of a closed string of radius
R with one of radius 1/R, and the AdS/CFT correspondence
suggests the equivalence between the d-dimensional ‘bulk’
spacetime of anti-de Sitter geometry and the conformal field

theory on its (d - 1)- dimensional boundary. Given that in the
first case, equivalent theories disagree over spatial distanc-
es, and in the second case over the dimensionality of spa-
cetime, we may not want to consider distances or dimen-
sions as ‘real’, i.e., as actually being present in the physical
situation [2]. This suggests that physical space itself is not
fundamentally real, or at least not all its standard properties.

Loop quantum gravity attempts a canonical quantization of
GR and thus belongs to the family of canonical quantum
gravity. This procedure demands that GR be cast as a Ham-
iltonian system. In order for Hamiltonian GR to be equiva-
lent to standard GR with Einstein’s field equation, constraint
equations must be imposed on the Hamiltonian system. It
turns out that the Hamiltonian itself acts as such a constraint
(at the classical and the quantum level), and that only quan-
tum states |y) set to zero by the action of the Hamiltonian,
i.e., Hly)=0, satisfy the constraint and are in this sense
physical [1]. Naturally, a theory like that does not have an
interesting dynamics — it is completely frozen! Not only ap-
pears there to be no dynamical evolution, but neither H nor
|w) contain a reference to time t, in any of the different
formulations within canonical quantum gravity. This suggest
that temporal and dynamical aspects of our world are not
fundamental and must indirectly emerge from fundamental
physics, in which there is no time.

Generally speaking, and although the absence comes in
degrees, and varies from approach to approach, quantum
gravity suggests that physics at the scale of quantum grav-
ity is in some significant ways not spatiotemporal. Quan-
tum gravity thus promises to have deep implications for the
philosophical study of the nature of space and time. Unsur-
prisingly, philosophers have taken up the study of quantum
gravity.

When | took up my research twenty years ago in what is
now the field of philosophy of quantum gravity (which did
not yet exist back then), many philosophers considered
the idea that our physical world may not be fundamentally
spatiotemporal outrageous, even incoherent, and obviously
false [8]. No doubt it runs against our intuitive conception
of the physical world we inhabit, but so have other results
in science. Nick Huggett and | tried to formulate a more in-
teresting argument against the possibility of a fundamental
physical theory in which spacetime is absent.

Here is our best attempt [3]. Confirmation in the empirical
sciences requires measuring or observing some quantity or
state of affairs. The forms in which the data are collected,
organized, and represented are all in some way spatiotem-
poral: we are observing a localized something, situated in
spacetime. It seems as if a theory denying the fundamental
existence of spacetime were true, then there could not be
such localized something and we would have no means to
empirically confirm the theory. Thus, such a theory would be
empirically incoherent in that its truth would undermine any
empirical justification we may have for accepting it as true.



It would indeed be a problem if our most fundamental theo-
ries in physics were empirically incoherent in this way. How-
ever, there is an obvious way around the problem: any phys-
ical theory ought to be consistent with the conditions for its
empirical confirmation. And there is no reason to think that
theories of quantum gravity could not be consistent in this
way, as long as we can establish the emergence of space-
time in their context: for every such theory, it must be shown
how relativistic spacetime emerges as an approximation at
the relevant scales.

Quantum gravity must thus offer an explanation of how
spacetime emerges, in order to circumvent the problem of
empirical incoherence. But also for a more general reason:
any theory, which succeeds another one, should explain its
predecessor’s successes (and failures). Since it is hard to
imagine that such an explanation could take a form other
than showing how relativistic spacetimes are an excellent
approximation at the scales at which GR has been suc-
cessfully tested, a quantum theory of gravity must admit the
emergence of spacetime.

What does it take to establish the emergence of spacetime?

For this, it has been proposed [5] that the following two

steps are necessary and jointly sufficient:
(1) Spacetime and its relevant properties are reduced to
their functional roles, such as spacetime localization, spa-
tial dimensions and distance, temporal duration, and so on.
(2) It is then shown how the quantum gravity degrees of
freedom jointly act such as to fulfil these functional roles;
i.e., it is shown how spatial distance can arise from the
fundamental structure, and so on.
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To work out the details is the programme of spacetime func-
tionalism, a recent and exciting development in the philos-
ophy of quantum gravity. Emphatically, it does not include
deriving or otherwise establishing the ‘metaphysical nature’
of spacetime, but only recovering its physically relevant
functions.

In sum, the philosophy of quantum gravity exemplifies a pro-
found interaction between insights gained from fundamen-
tal physics and the application of principles and strategies
developed in philosophy, naturally seasoned with a hearty
dose of formal and mathematical methods.
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