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Structure, Individuality, and Quantum

Gravity

J. Stachel

ABSTRACT

After reviewing various interpretations of structural realism, I adopt a definition that allows both
relations between things that are already individuated (which I call ‘relations between things’)
and relations that individuate previously un-individuated entities (‘things between relations’).
Since both spacetime points in general relativity and elementary particles in quantum theory
fall into the latter category, I propose a principle of maximal permutability as a criterion for
the fundamental entities of any future theory of ‘quantum gravity’; i.e. a theory yielding both
general relativity and quantum field theory in appropriate limits. Then I review of a number
of current candidates for such a theory. First I look at the effective field theory and asymptotic
quantization approaches to general relativity, and then at string theory. Next, a discussion of
some issues common to all approaches to quantum gravity based on the full general theory of
relativity argues that processes, rather than states should be taken as fundamental in any such
theory. A brief discussion of the canonical approach is followed by a ey of causal set theory.
The chapter ends by suggesting a new approach to the question of which spacetime structures
should be quantized.

3.1 WHAT IS STRUCTURAL REALISM?

The term ‘structural realism’ can be (and has been) interpreted in a number of different
ways.¹ I assume that, in discussions of structuralism, the concept of ‘structure’ refersFN:1
to some set of relations between the things or entities that they relate, called the relata.
Here I interpret ‘things’ in the broadest possible sense: they may be material objects,
physical fields, mathematical concepts, social relations, processes, etc.² People haveFN:2
used the term ‘structural realism’ to describe different approaches to the nature of

¹ For a recent survey, with references to earlier literature, see the symposium ‘Structural Realism
and Quantum Field Theory’, Symons (2003), which includes papers by Tian Yu Cao, Steven
French and James Ladyman, and Simon Saunders.

² In this section, ‘thing’ is used in a sense that includes processes. Note that from §3.5.1 on, it is
used in a more restricted sense, in which ‘thing’ is contrasted with ‘process’.
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the relation between things and relations. These differences all seem to be variants of
three basic possibilities.

I. There are only relations without relata.³FN:3

As applied to a particular relation, this assertion seems incoherent. It only makes
sense if it is interpreted as the metaphysical claim that ultimately there are only
relations; that is, in any given relation, all of its relata can in turn be interpreted
as relations. Thus, the totality of structural relations reduces to relations between
relations between relations … As Simon Saunders might put it, it’s relations all the
way down (e.g. Saunders 2003).⁴ It is certainly true that, in certain cases, the relataFN:4
can themselves be interpreted as relations; but I would not want to be bound by
the claim that this is always the case. I find rather more attractive the following two
possibilities:

II. There are relations, in which the things are primary and their relation is
secondary.

III. There are relations, in which the relation is primary while the things are
secondary.

In order to make sense of either of these possibilities, and hence of the distinction
between them, one must assume that there is always a distinction between the essential
and non-essential properties of any thing,⁵ For II to hold (i.e. things are primaryFN:5
and their relation is secondary), no essential property of the relata can depend on
the particular relation under consideration; while for III to hold ( i.e. the relation is
primary and the relata are secondary), at least one essential property of each of the
relata must depend on the relation. Terminology differs, but one widespread usage
denotes relations of type II as external, those of type III as internal. One could convert
either possibility into a metaphysical doctrine: ‘All relations are external’ or ‘All
relations are internal’; and some philosophers have done so. But, in contradistinction
to I, there is no need to do so to make sense of II and III. If one does not, then the
two are perfectly compatible.

Logically, there is a fourth possible case:

IV. There are things, such that any relation between them is only apparent.

This is certainly possible in particular situations. One could, for example, pre-
programme two mechanical dolls (the things) so that each would move independently

³ See Krause (2004: 1), for the phrase ‘relations without the relata’.
⁴ ‘I believe that objects are structures; I see no reason to suppose that there are ultimate

constituents of the world, which are not themselves to be understood in structural terms. So far as I
am concerned, it is turtles all the way down’ (Saunders 2003: 329).

⁵ For example, in quantum mechanics, electrons are characterized by their essential properties
of mass, spin, and charge. All other properties that they may exhibit in various processes—such as
positions, momenta, or energies—are non-essential (see n. 20). For a discussion of their haecceity,
see the next section). As this example suggests, the distinction between essential and non-essential
properties—and indeed the distinction between elementary and composite entities—may be theory
dependent (see Dosch et al. 2004). (Note that having the same essence is what characterizes a
natural kind.)
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of the other, but in such a way that they seemed to be dancing with each other
(the apparent relation—I assume that ‘dancing together’ is a real relation between
two people).

Again, one might convert this possibility into a universal claim: ‘All relations
are only apparent.’ Leibniz’s monadology, for example, might be interpreted as
asserting that all relations between monads are only apparent. Since God set up a
pre-established harmony among them, they are pre-programmed to behave as if they
were related to each other. As a metaphysical doctrine, I find IV even less attractive
than I. And if adopted, it could hardly qualify as a variant of structural realism, so I
shall not mention IV any further.

While several eminent philosophers of science (e.g. French and Ladyman) have
opted for version I of structural realism, to me versions II and III (interpreted
non-metaphysically) are the most attractive. They do not require commitment to
any metaphysical doctrine, but allow for a decision on the character of the relations
constituting a particular structure on a case-by-case basis.⁶ My approach leads to aFN:6
picture of the world, in which there are entities of many different natural kinds,
and it is inherent in the nature of each kind to be structured in various ways. These
structures themselves are organized into various structural hierarchies, which do not
all form a linear sequence (chain); rather, the result is something like a partially
ordered set of structures. This picture is dynamic in two senses: there are changes in
the world, and there are changes in our knowledge of the world.

As well as a synchronic aspect, the entities and structures making up our current
picture of the world have a diachronic aspect: they arise, evolve, and ultimately
disappear—in short, they constitute processes. And our current picture is itself subject
to change. What particular entities and structures are posited, and whether a given
entity is to be regarded as a thing or a relation, are not decisions that are forever fixed
and unalterable; they may change with changes in our empirical knowledge and/or
our theoretical understanding of the world. So I might best describe this viewpoint
as a dynamic structural realism.⁷FN:7

3.2 STRUCTURE AND INDIVIDUALITY

A more detailed discussion of many points in this section is presented in Stachel
(2002, 2005).

It seems that, as deeper and deeper levels of these structural hierarchies are probed,
the property of inherent individuality that characterizes more complex, higher-level
entities—such as a particular crystal in physics, or a particular cell in biology—is

⁶ For further discussion of cases II and III, see Stachel (2002), which refers to case II as ‘relations
between things’, and to case III as ‘things between relations’.

⁷ For further discussion of the structural hierarchy, see Stachel (2005). For many examples of
such hierarchies in the physics, biology, and cosmology, see Ellis (2002). Although my concepts of
entity and structure are meant to be ontological, the term ‘ontic structural realism’ has been given a
different significance (see Ladyman 1998).
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lost. Using some old philosophical terminology, I say that a level has been reached,
at which the entities characterizing this level possess quiddity but not haecceity.
‘Quiddity’ refers to the essential nature of an entity, its natural kind; and—at least
at the deepest level which we have reached so far—entities of different natural
kinds exist, e.g. electrons, quarks, gluons, photons, etc.⁸ What distinguishes entitiesFN:8
of the same natural kind (quiddity) from each other, their unique individuality or
‘primitive thisness’, is called their ‘haecceity’.⁹ Traditionally, it was always assumedFN:9
that every entity has such a unique individuality: a haecceity as well as a quiddity.
However, modern physics has reached a point at which we are led to postulate
entities that have quiddity but no haecceity that is inherent, i.e. independent of the
relational structures in which they may occur. Insofar as they have any haecceity
(and it appears that degrees of haecceity must be distinguished¹⁰), such entitiesFN:10
inherit it from the structure of relations in which they are enmeshed. In this
sense, they are indeed examples of the case III: ‘things between relations’ (Stachel
2002).

Since Kant, philosophers have often used position in space as a principle of
individuation for otherwise indistinguishable entities; more recently, similar attempts
have been made to individuate physical events or processes.¹¹FN:11

A physical process occupies a (generally finite) region of spacetime; a physical
event is supposed to occupy a point of spacetime. In theories, in which spacetime is
represented by a continuum, an event can be thought of as the limit of a portion of
some physical process as all the dimensions of the region of spacetime occupied by
this portion are shrunk to zero. Classically, such a limit may be regarded as physically
possible, or just as an ideal limit. ‘An event may be thought of as the smallest part
of a process … But do not think of an event as a change happening to an otherwise
static object. It is just a change, no more than that’ (Smolin 2002a: 53). See §3.5.1
for further discussion of processes. It is probably better to avoid attributing physical
significance to point events, and accordingly to mathematically reformulate general
relativity in terms of sheaves.¹²FN:12

Individuation by means of position in spacetime works at the level of theories
with a fixed spacetime structure, notably special-relativistic theories of matter and/or

⁸ Believers in a unified ‘Theory of Everything’ will hope that ultimately only entities of one
natural kind will be needed, and that all apparently different kinds will emerge from the relational
properties of the one fundamental quiddity. String theory might be regarded as an example of such
a theory; but, aside from other problems, its current framework is based on a fixed background
spacetime, as will be discussed in §3.3.

⁹ Runes (1962): ‘Haecceity … [is] … A term employed by Duns Scotus to express that by which
a quiddity, or general essence, becomes an individual, particular nature, or being’. Teller (1995,
1998), following Adams (1979), noted the utility of the term ‘haecceity’, and his suggestion has
been followed by many philosophers of physics.

¹⁰ For example, the electrons confined to a particular ‘box’ (i.e. infinite potential well) may be
distinguished from all other electrons, if not from each other.

¹¹ See e.g. Auyang (1995), ch. 6.
¹² See Stachel and Iftime (2005) for further discussion of this point. For one such reformulation

of differential geometry, see Mallios (1998), and for applications to general relativity, see Mallios
(2004) and Mallios and Raptis (2003).
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fields¹³ but, according to general relativity, because of the dynamical nature of allFN:13
spacetime structures,¹⁴ the points of spacetime lack inherent haecceity; thus theyFN:14
cannot be used for individuation of other physical events in a general-relativistic
theory of matter and/or non-gravitational fields. This is the purport of the ‘hole
argument’ (see Stachel 1993, and references therein). The points of spacetime have
quiddity as such, but only gain haecceity (to the extent that they do) from the
properties they inherit from the metrical or other physical relations imposed on
them.¹⁵ In particular, the points can obtain haecceity from the inertio-gravitationalFN:15
field associated with the metric tensor: For example, the four non-vanishing invariants
of the Riemann tensor in an empty spacetime can be used to individuate these points
in the generic case (see ibid. 142–3).¹⁶FN:16

Indeed, as a consequence of this circumstance, in general relativity the converse
attempt has been made: to individuate the points of spacetime by means of the
individuation of the physical (matter or field) events or processes occurring at
them; i.e. by the relation between these points and some individuating properties of
matter and/or non-gravitational fields. Such attempts can succeed at the macroscopic,
classical level; but, if the analysis of matter and fields is carried down far enough—say
to the level of the sub-nuclear particles and field quanta¹⁷—then the particles andFN:17
field quanta of differing quiddity all lack inherent haecceity.¹⁸ Like the points ofFN:18

¹³ Actually, the story is more complicated than this. The points of Minkowski spacetime, for
example, are themselves homogeneous, and some physical framework must be introduced in order
to physically individuate them. Only after this has been done can these points be used to individuate
other events or processes. The physical framework may be fixed non-dynamically (e.g. by using
rods and clocks introduced a priori); or if fixed by dynamical process (e.g. light rays and massive
particles obeying dynamical equations), the resulting individuation must be the same for all possible
dynamical processes. This is better said in the language of fibre bundles, in which particular
dynamical physical fields are represented by cross-sections of the appropriate bundle: if the metric
of the base space is given a priori, the individuation of the points of the base space is either also so
given, or is the same for all cross-sections of the bundle (see Stachel and Iftime 2005).

¹⁴ Except for continuity, differentiability and local topology of the differentiable manifold.
¹⁵ This is better said in the language of fibre bundles, in which particular dynamical physical

fields are represented by cross-sections of the appropriate bundle: If the metric of the base space is
given a priori, the individuation of the points of the base space must also be given a priori, or in
such a way as to be the same for all cross-sections of the bundle (see Stachel and Iftime 2005).

¹⁶ Again this is better said in the language of fibred manifolds, in which particular dynamical
physical fields are represented by cross-sections of the manifold: one can now define the base space
as the quotient of the total space by the fibration. Thus, even the points of the base space (let alone
its metric) are not defined a priori, and their individuation depends on the choice of a cross-section
of the fibred manifold, which will include specification of a particular inertio-gravitational field. For
a detailed discussion, see Stachel and Iftime (2005).

¹⁷ I reserve the term ‘elementary particles’ for fermions and ‘field quanta’ for bosons, although
both are treated as field quanta in quantum field theory. I aim thereby to recall the important
difference between the two in the classical limit: classical particles for fermions and classical fields for
bosons. In this chapter, I am sidestepping the question of whether and when the field concept is more
fundamental than the particle concept in quantum field theory, especially in non-flat background
spacetimes (I discuss it in detail in Stachel (2006a), but see the next footnote and n. 47); but in
the special-relativistic theories, a preparation or registration may involve either gauge-invariant field
quantities or particle numbers.

¹⁸ At the level of non-relativistic quantum mechanics for a system consisting of a fixed number of
particles of the same type, this is seen in the need to take into account the bosonic or fermionic nature
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spacetime, insofar as they have any individuality, it is inherited from the structure of
relations in which these quanta are embedded. For example, in a process involving a
beam of electrons, a particular electron may be individuated by the click of a particle
counter.¹⁹FN:19

In all three of these cases—spacetime points or regions in general relativity,
elementary particles in quantum mechanics, and field quanta in quantum field
theory—insofar as the fundamental entities have haecceity, they inherit it from
the structure of relations in which they are enmeshed. But there is an important
distinction here between general relativity on the one hand and quantum mechanics
and quantum field theory on the other: the former is background independent while
the latter are not; but I postpone further discussion of this difference until §3.5.2.

What has all this to do with the search for a theory of quantum gravity? The
theory that we are looking for must underlie both classical general relativity and
quantum theory, in the sense that each of these two theories should emerge from
‘quantum gravity’ by some appropriate limiting process. Whatever the ultimate
nature(s) (quiddity) of the fundamental entities of a quantum gravity theory turn out
to be, it is hard to believe that they will possess an inherent individuality (haecceity)
already absent at the levels of both general relativity and quantum theory (see Stachel
2005). So I am led to assume that, whatever the nature(s) of the fundamental entities
of quantum gravity, they will lack inherent haecceity, and that such individuality as
they manifest will be the result of the structure of dynamical relations in which they
are enmeshed. Given some physical theory, how can one implement this requirement
of no inherent haecceity? Generalizing from the previous examples, I maintain that
the way to assure the inherent indistinguishability of the fundamental entities of the

of the particle in question by the appropriate symmetrization or antisymmetrization procedure on
the product of the one-particle Hilbert spaces (see e.g. Haag 1996: 35–6, for more details). At the
level of special-relativistic quantum field theory, in which interactions may change particle numbers,
it is seen in the notion of field quanta, represented by occupation numbers (arbitrary for bosons,
either zero or one for fermions) in the appropriately constructed Fock space; these quanta clearly
lack individuality. (See e.g. Teller 1995; Haag 1996: 36–8.). At the level of quantum field theory in
background curved spacetimes, ‘a useful particle interpretation of states does not, in general, exist’
(Wald 1994: 47).

¹⁹ The macroscopic counter is assumed to be inherently individuated. It seems that, for such
individuation of an object, a level of structural complexity must be reached, at which it can be
uniquely and irreversibly ‘marked’ in a way that distinguishes it from other objects of the same
nature (quiddity). My argument is based on an approach according to which quantum mechanics
does not deal with quantum systems in isolation, but only with processes that such a system can
undergo. (For further discussion of this approach, see Stachel 1986, 1997). A process (Feynman
uses ‘process’, but Bohr uses ‘phenomenon’ to describe the same thing) starts with the preparation of
the system, which then undergoes some interaction(s), and ends with the registration of some result
(a ‘measurement’). In this approach, a quantum system is defined by certain essential properties
(its quiddity); but manifests other, non-essential properties (its haecceity) only at the beginning
(preparation) and end (registration) of some process. (Note that the initially prepared properties
need not be the same as the finally registered ones.) The basic task of quantum mechanics is to
calculate a probability amplitude for the process leading from the initially prepared values to the
finally registered ones. (I assume a maximal preparation and registration; the complications of the
non-maximal cases are easily handled.) (See §3.5.1 for a discussion of whether this interpretation of
quantum mechanics is viable in the context of quantum gravity).
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theory is to require the theory to be formulated in such a way that physical results are
invariant under all possible permutations of the basic entities of the same kind (same
quiddity).²⁰ I have named this requirement the principle of maximal permutability.FN:20
(See Stachel and Iftime (2005) for a more mathematically detailed discussion.)

The exact content of the principle depends on the nature of the fundamental
entities. For theories, such as non-relativistic quantum mechanics, that are based on
a finite number of discrete fundamental entities, the permutations will also be finite
in number, and maximal permutability becomes invariance under the full symmetric
group. For theories, such as general relativity, that are based on fundamental
entities that are continuously, and even differentiably related to each other, so that
they form a differentiable manifold, permutations become diffeomorphisms. For
a diffeomorphism of a manifold is nothing but a continuous and differentiable
permutation of the points of that manifold.²¹ So, maximal permutability becomesFN:21
invariance under the full diffeomorphism group. Further extensions to an infinite
number of discrete entities or mixed cases of discrete-continuous entities, if needed,
are obviously possible.

In both the case of non-relativistic quantum mechanics and of general relativity,
it is only through dynamical considerations that individuation is effected. In the
first case, it is through specification of a possible quantum-mechanical process that
the otherwise indistinguishable particles are individuated (‘The electron that was
emitted by this source at 11:00 a.m. and produced a click of that Geiger counter at
11:01 a.m.’). In the second case, it is through specification of a particular solution
to the gravitational field equations that the points of the spacetime manifold are
individuated (‘The point at which the four non-vanishing invariants of the Riemann
tensor had the following values: … ’). So one would expect the principle of maximal
permutability of the fundamental entities of any theory of quantum gravity to be
part of a theory in which these entities are only individuated dynamically.

Thomas Thiemann has pointed out that, in the passage from classical to quantum
gravity, there is good reason to expect diffeomorphism invariance to be replaced by
some discrete combinatorial principle:

The concept of a smooth spacetime should not have any meaning in a quantum theory of
the gravitational field where probing distances beyond the Planck length must result in black
hole creation which then evaporate in Planck time, that is, spacetime should be fundamentally
discrete. But clearly smooth diffeomorphisms have no room in such a discrete spacetime. The
fundamental symmetry is probably something else, maybe a combinatorial one, that looks like
a diffeomorphism group at large scales. (Thiemann 2001: 117)

²⁰ In this principle, the word ‘possible’ is to be understood in the following sense: if the theory
is formulated in such a way that some dynamically independent permutations of the fundamental
entities are possible, then the theory must be invariant under all permutations. Or the theory must
be formulated in such a way that no such permutations are possible (see n. 18).

²¹ Here, diffeomorphisms are to be understood in the active sense, as point transformations
acting on the points of the manifold, as opposed to the passive sense, in which they act upon
the coordinates of the points, leading to coordinate re-descriptions of the same point. See Stachel
and Iftime (2005) for a more detailed discussion, based on the use of fibred manifolds and local
diffeomorphisms.
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In the next section, I shall look at the effective field theory approach to general
relativity and asymptotic quantization; and then, in the following section, at string
theory, both in the light of the principle of maximal permutability. §3.5 discusses
some issues common to all general-relativity-based approaches to quantum gravity. I
had hoped to treat loop quantum gravity in detail in this chapter, but the discussion
outgrew my allotted spatial bounds; so just a few points about the canonical approach
are discussed in §3.6, and the fuller discussion relegated to a separate paper (Stachel
2006a). §3.7 is devoted to causal set theory, and §3.8 sketches a possible new
approach, suggested by causal set theory, to the question of what spacetime structures
to quantize.

3.3 EFFECTIVE FIELD THEORY AND ASYMPTOTIC
QUANTIZATION

The earliest attempts to quantize the field equations of general relativity were
based on treating it using the methods of special-relativistic quantum field the-
ory, perturbatively expanding the gravitational field around the fixed background
Minkowski space metric and quantizing only the perturbations. By the 1970s,
the first wave of such attempts petered out with the realization that the result-
ing quantum theory is perturbatively non-renormalizable. With the advent of the
effective field theory approach to non-renormalizable quantum field theories, a
second, smaller wave arose²² with the more modest aim of developing an effectiveFN:22
field theory of quantum gravity valid for sufficiently low energies (for reviews, see
Donoghue 1995 and Burgess 2004). As is the case for all effective field theories,
this approach is not meant to prejudge the nature of the ultimate resolution of
‘the more fundamental issues of quantum gravity’ (Burgess 2004: 6), but to estab-
lish low-energy results that will be reliable whatever the nature of the ultimate
theory.²³FN:23

The standard accounts of the effective field approach to general relativity take
the metric tensor as the basic field, which somewhat obscures the analogy with
Yang–Mills fields:

Despite the similarity to the construction of the field strength tensor of Yang Mills field theory,
there is the important difference that the [Riemannian] curvatures involve two derivatives of
the basic field, R ∼ ∂∂g. (Donoghue 1995: 4)

But much of the recent progress in bringing general relativity closer to other gauge
field theories, and in developing background-independent quantization techniques,

²² Presumably (to continue the metaphor), the fashion for string theory pre-empted the waters,
in which the second wave would otherwise have flourished. Of course, the effective field theory
approach has been applied effectively to perturbatively renormalizable theories (see Dosch et al.
2004).

²³ ‘Effective field theory is to gravitation as chiral perturbation theory is to quantum chromody-
namics: appropriate at large distances, and impotent at short,’ James Bjorken, ‘Preface’ to Rovelli
2004: p. xiii.
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has come from giving equal importance (or even primacy) to the affine connection as
compared to the metric (see §§3.6 and 3.8, and Stachel 2006a). Since the curvature
tensor involves only one derivative of the connection, R ∼ ∂�, this approach brings
the formalism of general relativity much closer to the gauge approach used to treat
all other interactions. From this point of view, one role of the metric tensor is to act
as potentials for the connection � ∼ ∂g. From this viewpoint, one can reformulate
the starting point of general relativity as follows.

The equivalence principle demands that inertia and gravitation be treated as intrins-
ically united, the resulting inertio-gravitational field being represented mathematically
by a non-flat affine connection �.²⁴FN:24

If one assumes that this connection is metric, i.e. that the connection can be derived
from a second-rank covariant metric field g then according to general relativity such
a non-flat metric field represents the chrono-geometry of spacetime.

But the effective field approach assumes that the true chrono-geometry of spacetime
remains the Minkowski spacetime of special relativity, represented by the fixed
background metric η.²⁵ There is a unique, flat affine connection {} compatible withFN:25
the Minkowski metric η,²⁶ and since the difference between any two connectionsFN:26
is a tensor, � − {}—the difference between the non-flat and flat connections—is a
tensor that serves to represents a purely gravitational field.

Contrary to the purport of the equivalence principle, inertia and gravitation have
been separated with the help of the background metric and a kinematics based on the
background fields has been introduced that is independent of the dynamics of this
gravitational tensor. However, the background metric is unobservable: the effect of
this gravitational field on all (ideal) rods and clocks is to distort their measurements
in such a way that they map out the non-flat chrono-geometry associated with the
g-field, which if we did not know better, we would be tempted to think of as the
true chrono-geometry.²⁷ The points of the background metric (flat or non-flat—seeFN:27
n. 25) are then assumed to be individuated up to the symmetry group of this
metric, which at most can be a finite-parameter Lie group (e.g. the ten parameter

²⁴ See Stachel (2006b) for a detailed discussion of this approach. Note that in this brief account
I represent each geometric object by a single symbol, omitting all indices.

²⁵ Of course, one could start with any fixed background metric—flat or non-flat—and perform
such a split between the inertial connection associated with this metric and the gravitational field
tensor, the latter again being the difference between the inertio-gravitational connection associated
with the g-field and the inertial connection associated with the background metric. But regardless
of spacetime metric chosen, the kinematics of the theory is based on this fixed background metric;
and this limits the spacetime diffeomorphisms, under which the theory is presumed invariant, to
the symmetries (if any) of this metric.

²⁶ I use this symbol as a reminder that the Christoffel symbols define this connection.
²⁷ The reader may be reminded of the Lorentzian approach to special relativity: there really is

a privileged inertial frame (‘the ether frame’). But motion through the ether contracts all (ideal)
measuring rods, slows down all (ideal) clocks, and increases all masses in such a way that this motion
is undetectable. Clocks in a moving inertial frame synchronized by light signals, but forgetting
about the effects of this motion on the propagation of light, will read the ‘local time’ and light will
appear to propagate with the same speed c in all inertial frames I often wonder why those who adopt
the special-relativistic approach to general relativity don’t abandon special relativity too in favour of
the ether frame?
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Poincaré group for the Minkowski background metric) acting on the points of
spacetime.²⁸FN:28

Since the full diffeomorphism group acting on the base manifold is not a symmetry
group of the background metric,²⁹ this version of quantum gravity does not meet ourFN:29
criterion of maximal permutability. If we choose a background spacetime with no
symmetry group, each and every point of the background spacetime manifold will
be individuated by the non-vanishing invariants of the Riemann tensor. But if there
is a symmetry group generated by one or more Killing vectors, then points on the
orbits of the symmetry group will not be so individuated, but must be individuated
by some additional non-dynamical method.³⁰FN:30

Other diffeomorphisms can only be interpreted passively, as coordinate rede-
scriptions of the background spacetime and inertial fields. They can be given an
active interpretation only as gauge transformations on the gravitational potentials
h = g − η.³¹FN:31

Since the effective field approach does not claim to be any more than a low-energy
approximation to any ultimate theory of quantum gravity, rather than an obstacle
to any theory making such a claim, this approach presents a challenge. Can such a
theory demonstrate that, in an appropriate low-energy limit, its predictions match
the predictions of the effective field theory for experimental results?³² Since theseFN:32
experimental predictions will essentially concern low-energy scattering experiments
involving gravitons, it will be a long time indeed before any of these predictions can
be compared with actual experimental result; and the effective field theory approach
has little to offer in the way of predictions for the kind of experimental results

²⁸ We merely mention the additional global complications: the topology chosen for the
background spacetime (e.g. R

4 for Minkowski spacetime) may not be the same as the topology
associated with particular g-fields that solve the field equations (e.g. the Kruskal manifold for the
Schwarzschild metric). As Trautman showed long ago, if one solves for the g-field of a point mass
at the origin by successive approximations, at each order the solution field is regular except at the
origin. But when the infinite series is summed, the Schwarschild solution is obtained with its quite
different topology.

²⁹ This symmetry group includes only those diffeomorphisms generated by the Killing vectors
of the background metric.

³⁰ In the extreme case of Minkowski spacetime, for which all the invariants of the Riemann
tensor vanish, the individuation of all the points must be non-dynamical. However, the situation is
not as bad as this comment might suggest. Singling out of one point as origin, of three orthogonal
directions, of a unit of spatial distance and a unit of time serve to complete the individuation of all
remaining points.

³¹ That is, such a transformation can be looked upon either passively, as a transformation to
a non-inertial frame of reference, in which inertial forces appear; or actively as a transformation
of the gravitational field, producing additional gravitational forces. Of course, it can be divided
into two parts, each of which is given a different one of the two interpretations. When the
gravitational field is quantized and the background field is not, the need for a choice makes it evident
that this interpretation of general relativity differs from the standard, diffeomorphism-invariant
interpretation in more than matters of taste.

³² Since the effective field theory approach is based on the assumption of a spacetime continuum,
the challenge will take a radically different form depending on whether the more fundamental theory
is itself based on the continuum concept, as is string theory; or whether it denies basic significance
to the spacetime continuum, as do loop quantum gravity and causal set theory.
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that work on phenomenological quantum gravity is actually likely to give us in the
near future.

In a sense, one quantum gravity programme has already met this challenge:
Ashtekar’s (1987) asymptotic quantization, in which only the gravitational in-
and out-fields at null infinity—i.e. at �+ (scri-plus) and �− (scri-minus)—are
quantized. Without the introduction of any background metric field, it is shown how
non-linear gravitons may be rigorously defined in terms of these fields as irreducible
representations of the symmetry group at null infinity. This group, however, is not
the Poincaré group at null infinity, but the much larger Bondi–Metzner–Sachs
group, which includes the super-translations depending on functions of two variables
rather than the four parameters of the translation group. This group defines a unique
kinematics at null infinity that is independent of the dynamical degrees of freedom,
and it is this decoupling of kinematics and dynamics that enables the application of
more-or-less standard quantization techniques. Just as the quotient of the Poincaré
group by its translation subgroup defines the Lorentz group, so does the quotient of
the BMS group by its super-translation subgroup. Since, in both the effective field
and asymptotic quantization techniques, experiments in which the graviton concept
could be usefully invoked involve the preparation of in-states and the registration of
out-states, there must be a close relation between the two approaches; although, as
far as I know, this relation has not yet been elucidated in detail.

In summary, both the effective field theory and asymptotic quantization approaches
avoid the difficulties outlined in the previous section by separating out a kinematics
that is independent of dynamics. In the former case, this separation is imposed by
fiat everywhere on the spacetime manifold by singling out a background spacetime
metric and corresponding inertial field, with the expectation that the results achieved
will always be valid to good approximation in the low-energy limit of general
relativity. In the latter case, the separation is achieved only for the class of solutions
that are asymptotically flat at null infinity (or more explicitly, the Riemann tensors
which vanish sufficiently rapidly in all null directions to allow the definition of
null infinity). It is then proved that at null infinity a kinematics can be decoupled
from the dynamics at null infinity due to the symmetries of any gravitational
field there, and that this can be done without violating diffeomorphism invariance
in the interior region of spacetime. Again, this approach presents a challenge to
any background-independent quantization programme: derive the results of the
asymptotic quantization programme from the full quantum gravity theory in the
appropriate limit.

3.4 STRING THEORY

String (or superstring) theory applies the methods of special-relativistic quantum
theory to two-dimensional timelike world sheets, called ‘strings’.³³ All known (andFN:33

³³ ‘String theory is an ordinary QFT but not in the usual sense. It is an ordinary scalar QFT on
a 2d Minkowski space, however, the scalar fields themselves are coordinates of the ambient target
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some unknown) particles and their interactions, including the graviton and the
gravitational interaction, are supposed to emerge as certain modes of excitation
of and interactions between quantized strings. The fundamental entities of the
original (perturbative) string theory are the strings—two-dimensional timelike world
sheets—embedded in a given background spacetime, the metric of which is needed
to formulate the action principle for the strings. For that reason, the theory is said
to be ‘background dependent’. Quantization of the theory requires the background
spacetime to be of ten or more dimensions.³⁴FN:34

The theory is seen immediately to fail the test of maximal permutability since the
strings are assumed to move around and vibrate in this background, non-dynamical
spacetime. So the background spacetime, one of the fundamental constituents of
the theory, is invariant only under a finite-parameter Lie subgroup (the symmetry
group of this spacetime, usually assumed to have a flat metric with Lorentzian
signature) of the group of all possible diffeomorphisms of its elements. Many
string theorists, with a background predominantly in special-relativistic quantum
field theory (attitudes are also seen to be background dependent), initially found it
difficult to accept such criticisms; so it is encouraging that this point now seems to
be widely acknowledged in the string community.³⁵ String theorist Brian GreeneFN:35
recently presented an appealing vision of what a string theory without a background
spacetime might look like, but emphasized how far string theorists still are from
realizing this vision:

Since we speak of the ‘fabric’ of spacetime, maybe spacetime is stitched out of strings much
as a shirt is stitched out of thread. That is, much as joining numerous threads together in
an appropriate pattern produces a shirt’s fabric, maybe joining numerous strings together in
an appropriate pattern produces what we commonly call spacetime’s fabric. Matter, like you
and me, would then amount to additional agglomerations of vibrating strings—like sonorous
music played over a muted din, or an elaborate pattern embroidered on a plain piece of
material—moving within the context stitched together by the strings of spacetime. … [A]s
yet no one has turned these words into a precise mathematical statement. As far as I can tell,
the obstacles to doing so are far from trifling. … We [currently] picture strings as vibrating
in space and through time, but without the spacetime fabric that the strings are themselves
imagined to yield through their orderly union, there is no space or time. In this proposal, the
concepts of space and time fail to have meaning until innumerable strings weave together to
produce them.

Thus, to make sense of this proposal, we would need a framework for describing strings
that does not assume from the get-go that they are vibrating in a preexisting spacetime. We
would need a fully spaceless and timeless formulation of string theory, in which spacetime

Minkowski space which in this case is 10 dimensional. Thus, it is similar to a first quantized theory
of point particles’ (Thiemann 2002: 12).

³⁴ However, Thiemann (2004) asserts that the so-called Pohlmayer string can be quantized in
any number of dimensions, including four-dimensionsal Minkowski space.

³⁵ See Stachel (2003: 31–2) for quotations to this effect from review articles by Michael Green
and Thomas Banks.
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emerges from the collective behavior• of strings. Although there has been progress toward• Q1
this goal, no one has yet come up with such a spaceless and timeless formulation of
string theory—something that physicists call a background-independent formulation [of the
theory] … Instead, all current approaches envision strings as moving and vibrating through
a spacetime that is inserted into the theory ‘by hand’ … Many researchers consider the
development of a background-independent formulation to be the single greatest unsolved
problem facing string theory. (Greene 2004: 487–8)

One of the main goals of the currently sought-for M-theory (see Greene 2004:
376–412) is to overcome this defect, but so far this goal has not been reached.

3.5 QUANTUM GENERAL RELATIVITY: SOME
PRELIMINARY PROBLEMS

String theory attempts to produce a theory of everything, including a quantum
theory of gravity that will have general relativity (or a reasonable facsimile thereof)
as part of its classical limit. Most other approaches to quantum gravity start from
classical general relativity. In this section, I shall discuss two related issues that arise
in the course of any such attempt.

3.5.1 States or Processes: Which is Primary?

There has been a long-standing debate between adherents of covariant and canonical
approaches to quantum gravity. The former attempt to develop a four-dimensionally-
invariant theory of quantum gravity from the outset; the latter start from a (3 +
1)-breakup of spacetime, emphasizing three-dimensional spatial invariance and
developing quantum kinematics before quantum dynamics. Christian Wüthrich has
related this debate to

the philosophical debate between proponents of the endurance view of time and those of the
perdurance view [which] reflects a disagreement concerning whether, and to what degree, time
is on a par with spatial dimensions. (Wüthrich 2003: 1)

According to the former view, ‘an object is said to endure just in case it exists at
more than one time’. According to the latter view,

objects perdure by having different temporal parts at different times with no part being
present at more than one time. Perdurance implies that two [space-like] hypersurfaces … do
not share enduring objects but rather harbour different parts of the same four-dimensional
object. (Wüthrich 2003: 1)

I shall use slightly different terminology to make this important distinction. One
approach to the quantum gravity problem places primary emphasis on the three-
dimensional state of some thing; from this point of view, a process is just a succession of
different states of this thing. (The relation of this succession of states to some concept
of ‘time’ is a contentious issue). The other approach places primary emphasis on four-
dimensional processes; from this point of view, a ‘state’ is just a particular spatial cross-
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section of a process and of secondary importance: all such cross-sections are equal,
and each sequence of states represents a different ‘perspective’ on the same process.

In pre-relativistic physics, the absolute time provided a natural foliation of
spacetime into spatial cross-sections. So, even if one favoured the ‘process’ view-
point for philosophical reasons, there was little harm to physics—if not to
philosophy—in using the alternate ‘state’ viewpoint. While the split into spaces
was not unique (one inertial frame is as good as another), each inertial frame
corresponding to a different preferred fibration of spacetime, they all shared a
unique time (absolute simultaneity). In short, there was a unique breakup of
four-dimensions into (3 + 1). In special-relativistic physics, this is no longer the
case: there are an infinite number of such preferred cross-sections (one for each
family of parallel space-like hyperplanes in Minkowski space). Not only is the
split into spaces not unique (one inertial frame is still as good as another), but
now they do not even agree on a unique time slicing (the relativity of sim-
ultaneity): there is a different foliation for each preferred fibration. In short,
there is a three-parameter family of ‘natural’ breakups of four-dimensions into
(3 + 1). So, in special-relativistic physics, and quite apart from philosophical con-
siderations, the ‘process’ approach has much to recommend it over the ‘state’
approach.

General relativity is an inherently four-dimensional theory of spacetime—even
more so than special relativity. There is no ‘natural’ breakup of spacetime into
spaces and times, such as the inertial frames provide in special relativity. There
are no preferred timelike fibrations or spacelike foliations.³⁶ Any break-up of thisFN:36
four-dimensional structure into a (3 + 1) form requires the (explicit or implicit)
introduction of an arbitrary ‘frame of reference’,³⁷ represented geometrically by theFN:37
introduction of a fibration and foliation of spacetime. Then one may speak about
the ‘state’ of a thing on a given hypersurface and its evolution from hypersurface
to hypersurface of the foliation (over some ‘global time’). But such a breakup is
always relative to some chosen frame of reference. There are no longer any preferred
breakups in generally relativity; there is always something arbitrary and artificial
about the introduction of such a frame of reference. The process approach seems
rooted in general-relativistic physics, just as it is in quantum theory (see n. 19). No
one has put the case more strongly than Lee Smolin:

[R]elativity theory and quantum theory each … tell us—no, better, they scream at us—that
our world is a history of processes. Motion and change are primary. Nothing is, except in a
very approximate and temporary sense. How something is, or what its state is, is an illusion.
It may be a useful illusion for some purposes, but if we want to think fundamentally we must
not lose sight of the essential fact that it ‘is’ an illusion. So to speak the language of the new
physics we must learn a vocabulary in which process is more important than, and prior to,
stasis. (Smolin 2002a: 53; my emphases)

³⁶ The only ‘natural’ foliation would be a family of null hypersurfaces, and null hypersurface
quantization has had many advocates, starting with Dirac. For a survey, see Robinson (2003).

³⁷ Einstein emphasized the amorphous nature of such a frame by calling it a ‘reference-mollusc’
(see Einstein 1917; cited from Einstein 1961: 99).
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Now the canonical formalism is based on the introduction of a fibration and
foliation of spacetime,³⁸ and by its nature tends to shift attention from processes inFN:38
spacetime to states of things in space.³⁹ Bryce DeWitt, in his final book, has put theFN:39
case in the context of quantum field theory:

When expounding the fundamentals of quantum field theory physicists almost universally fail
to apply the lessons that relativity theory taught them early in the twentieth century. Although
they carry out their calculations in a covariant way, in deriving their calculational rules
they seem unable to wean themselves from canonical methods and Hamiltonians, which are
holdovers from the nineteenth century, and are tied to the cumbersome (3 + 1)-dimensional
baggage of conjugate momenta, bigger-than-physical Hilbert spaces and constraints. (DeWitt
2003: i, p. v)

This has immediate implications for a theory of quantum gravity. Whether one
should be looking for quanta of space or of spacetime seems to be one essential point
of difference between the canonical loop quantum gravity approach and the covariant
causal set approach. In his exposition of the canonical approach, Carlo Rovelli asserts:
‘Spacetime is a temporal sequence of spaces, or a history of space’. He asks:

What are the quanta of the gravitational field? Or, since the gravitational field is the same
entity as spacetime, what are the quanta of space? (Rovelli 2004: 18)⁴⁰FN:40

The unremarked shift from ‘quanta … of spacetime’ to ‘quanta of space’ is striking,
but almost seems forced on Rovelli by the canonical, ‘history of space’ approach.
On the other hand, discussing causal set theory, a ‘process’ approach to quantum
gravity,⁴¹ Fay Dowker states:FN:41

Most physicists believe that in any final theory of quantum gravity, space-time itself will
be quantized and grainy in nature. … So the smallest possible volume in four-dimensional

³⁸ All treatments of the canonical formalism mention the need for a foliation, but most do not
mention the fibration, which is needed in order to understand the geometrical significance of the
lapse and shift functions (see Stachel 1962, 1969).

³⁹ This is not meant to imply that the full four-dimensional invariance cannot be recovered in
some variant of the canonical approach. For a brief discussion of ‘proposals to make the canonical
formulation more covariant’, with references, see Thiemann (2002: 15–16). For a summary of a
different approach, see Salisbury (2003).

⁴⁰ As will be seen in Stachel (2006a), this is not the only instance of Rovelli’s wavering between
‘space’ and ‘spacetime’. There I also discussed the interpretation of the discrete spectra, in loop
quantum gravity, of the operators for three-volume and two-volume and two-area on the initial
hypersurface. Attributing direct physical significance to such mathematical results obtained before
solution of the Hamiltonian constraints seems to violate the general-relativitics golden rule: ‘no
kinematics before dynamics.’ I thank Fotini Markopoulou for helpful discussion of this point.

⁴¹ The causal set approach, to be discussed in §§3.6 and 3.7, does not attempt a quantization
of the classical theory. Rather, its aim is to construct a quantum theory of causal sets based on two
features of classical general relativity that it takes as fundamental:

(1) The causal structure, which is replaced by a discrete causal set; and
(2) The four-volume element, which is replaced by the quantum of process.

It must then be shown that the classical equations can be recovered from some sort of limit of
causal sets, or of an ensemble of such sets.
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spacetime, the Planck volume, is 10−42 cubic centimetre seconds. If we assume that each of
these volumes counts a single space-time quantum, this provides a direct quantification of the
bulk. (Dowker 2003: 38)

3.5.2 Formalism and Measurability

There has always been a dialectical interplay between formalism and measurability
in the development of quantum theory, first seen in the discussion about the
physical interpretation of the commutation relations in non-relativistic quantum
mechanics, see e.g. Heisenberg (1930) and later in the similar discussion in quantum
electrodynamics.⁴² This interplay was well expressed by Bohr and Rosenfeld in theirFN:42
classic discussion of the measurability of the components of the electric and magnetic
field:

[O]ur task will thus consist in investigating whether the complementary limitations on the
measurement of field quantities, defined in this way, are in accord with the physical possibilities
of measurement. (Bohr and Rosenfeld 1933, cited from Rosenfeld 1979: 358)

By ‘in this way’ they mean: ‘the field quantities are no longer represented by actual
point-functions but by functions of space-time regions, which formally correspond
to the average value of the idealized field components over the region in question’
(ibid.), and that delta-function commutation relations at points must be replaced by
commutation relations smeared over such (finite) regions of spacetime.

By 1933, quantum electrodynamics had been developed to a point that enabled
Bohr and Rosenfeld ‘to demonstrate a complete accord’ between the formal com-
mutation relations of the field components and the physical possibilities of their
measurement. In the case of quantum gravity, the theory is still in a state of active
exploration and development, and one may hope that investigation of the possibilities
of ideal measurements of the variables basic to each approach can help to clarify still
unresolved issues in the physical interpretation of the formalism, and perhaps even
help in choosing between various formalisms.⁴³ It has been objected that a quantumFN:43
theory of gravity requires a different interpretation of quantum theory, in which no
external ‘observer’ is introduced. First of all, a quantum process does not require
an ‘observer’ in any anthropomorphic sense. Once the results of a preparation and
registration are recorded (see n. 19), the quantum process is over, whether anyone
ever looks at (‘observes’) the results or not. Carlo Rovelli has argued well against
combining the problem of quantum gravity with the problem of the interpretation
of quantum mechanics:

I see no reason why a quantum theory of gravity should not be sought within a standard
interpretation of quantum mechanics (whatever one prefers). Several arguments have been

⁴² See e.g. Bohr and Rosenfeld (1933). Bergmann and Smith provide a careful discussion of
the analogies and differences that arise when a Bohr-Rosenfeld-style analysis of measurability is
attempted for the linearized Riemann tensor (see Bergmann and Smith 1982, which summarizes
and extends their earlier papers).

⁴³ See Stachel (2001) for further comments on this question.
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proposed to connect these two problems (quantum gravity and the interpretation of quantum
mechanics). A common one is that in the Copenhagen interpretation the observer must
be external, but it is not possible to be external from the gravitational field. I think that
this argument is wrong; if it was correct it would apply to the Maxwell field as well. We
can consistently use the Copenhagen interpretation to describe the interaction between a
macroscopic classical apparatus and a quantum-gravitational phenomenon happening, say, in
a small region of (macroscopic) spacetime. The fact that the notion of spacetime breaks down
at short scale within this region does not prevent us from having the region interacting with
an external Copenhagen observer. (Rovelli 2004: 370).⁴⁴FN:44

Rovelli has discussed the physical interpretation of the canonical formalism for a
field theory describing some generic field, symbolized by �:

The data of a local experiment (measurements, preparation, or just assumptions) must in
fact refer to the state of the system on the entire boundary of a finite spacetime region.
The field theoretical space … is therefore the space of surfaces � [‘where � is a 3d surface
bounding a finite spacetime region’] and field configurations � on �. Quantum dynamics
can be expressed in terms of an [probability] amplitude W . … Notice that the dependence of
W on the geometry of � codes the spacetime position of the measuring apparatus. In fact, the
relative position of the components of the apparatus is determined by their physical distance
and the physical time elapsed between measurements, and these data are contained in the
metric of �. (Rovelli 2004: 23).

From the ‘process’ viewpoint (see §3.5.1), this is an encouraging approach: what
occurs in the spacetime region bounded by � constitutes a process, and an amplitude
is only defined for such processes. However, as Rovelli emphasizes, this definition
is broad enough to include a background-dependent theory, i.e. a theory with a
fixed background spacetime. But his real subject of course is theories, such as general
relativity, which are background independent:

Consider now a background independent theory. Diffeomorphism invariance implies imme-
diately that W [�, �] is independent of �. … Therefore in gravity W depends only on the
boundary value of the fields. However, the fields include the gravitational field, and the
gravitational field determines the spacetime geometry. Therefore the dependence of W on the
fields is still sufficient to code the relative distance and time separation of the components of
the measuring apparatus! (Rovelli 2004: 16)

He summarizes the contrast between the two cases:

⁴⁴ I disagree on one major point. There is at least one big difference between the Maxwell field
and the gravitational field: the non-universality of the electromagnetic charge-current vector versus
the universality of gravitational stress-energy tensor. Because charges occur with two signs that can
neutralize each other, a charge-current distribution acting as a source of an electromagnetic field
can be manipulated by matter that is electrically neutral and so not acting as a source of a further
electromagnetic field; and one can shield against the effects of a charge-current distribution. Because
mass comes with only one sign, all matter (including non-gravitational fields) has a stress-energy
tensor, no shielding is possible, and any manipulation of matter acting as a source of gravitational
field will introduce an additional stress-energy tensor as a source of gravitational field. A glance
at Bohr and Rosenfeld (1933) shows how important the possibility of neutralizing the charges on
test bodies is for measurement of the (averaged) components of the electric field with arbitrary
accuracy, for example. This difference may well have important implications for the measurement
of gravitational field quantities. For detailed discussion, see Bergmann and Smith (1982).
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What is happening is that in background dependent QFT we have two kinds of measurements:
those that determine the distances of the parts of the apparatus and the time elapsed between
measurements, and the actual measurements of the fields’ dynamical variables. In quantum
gravity, instead, distances and time separations are on an equal footing with the dynamical
fields. This is the core of the general relativistic revolution, and the key for background
independent QFT. (Rovelli 2004: 16)

This is a brilliant exposition of the nature of the difference between background-
dependent and background-independent quantum field theories (QFTs). But it
immediately raises a number of questions, most of which I discuss in Stachel (2006a).
Here I shall mention only one of them.

Rovelli’s interpretation of the canonical formalism seems based on the assumption
that, in both background-dependent and background-independent QFTs, one can
idealize a field measurement by confining its effects to the (three-dimensional)
boundary of a (four-dimensional) spacetime region; and in particular to a finite
region of (three-dimensional) space, while neglecting its finite (one-dimensional)
duration in time. Yet, since the pioneering work of Bohr and Rosenfeld on the
measurability of the components of the electromagnetic field (Bohr and Rosenfeld
1933), it has been known that this is not the case for the electromagnetic field in
Minkowski spacetime.

It is … of essential importance that the customary description of an electric field in terms of its
components at each space-time point, which characterizes classical field theory and according to
which the field should be measurable by means of point charges in the sense of electron theory,
is an idealization which has only restricted applicability in quantum theory. This circumstance
finds its proper expression in the quantum-electromagnetic formalism, in which the field
quantities are no longer represented by true point functions but by functions of space-time
regions, which formally correspond to the average values of the idealized field components over
the region in question. The formalism only allows the derivation of unambiguous predictions
about the measurability of such region-functions … [U]nambiguous meaning can be attached
only to spacetime integrals of the field components (Bohr and Rosenfeld 1933: 358–61).

The aim of the paper was to show that these theoretical limits on measurability
coincide with the actual possibilities of (idealized) measurements of these field
quantities. Bohr and Rosenfeld demonstrate in some detail how test bodies occupying
a finite region of space over a finite period of time—that is, test processes over finite
regions of spacetime—can be used to measure electromagnetic field averages over
these regions.⁴⁵FN:45

⁴⁵ One may see in this work the germ of the algebraic approach to quantum field theory, which
also is based on attaching primary significance to operators defined over finite regions of spacetime.

The primary physical interpretation of the [quantum field] theory is given in terms of local
operations, not in terms of particles. Specifically, we have used the basic fields to associate to
each open region O in space-time an algebra A(O). Of operators in Hilbert spoace, the algebra
generated by all F ( f ), the fields ‘smeared out’ with test functions f having their support in the
region O. We have interpreted the elements of A(O) as representing physical operations performable
within O and we have seen that this interpretation tells us how to compute collision cross sections
once the correspondence O → A(O) is known. This suggests that the net of algebras A, i.e, the
correspondence [given above] constitutes the intrinsic mathematical description of the theory. The
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Schweber summarizes the point nicely:

In fact, Bohr and Rosenfeld in their classic papers on the question of the measurability of
electromagnetic fields have already shown that only averages over small volumes of space-time
of the field operators are measurable … This is because of the finite size of the classical
measuring apparatus and the finite times necessary to determine forces through their effects
on macroscopic test bodies. (Schweber 1961: 421–2)

Dosch et al. (2004) generalize the point to all quantum field theories:

The quantum fields, in terms of which the theory is constructed, are operators that depend
on space-time. This dependence on spacetime however, shows the behavior of a generalized
function or distribution. Therefore, a well-defined operator cannot be related to a definite
space-time point x, but only to a space-time domain of finite extent (Dosch et al. 2004: 4).

Sorkin (1993) contrasts non-relativistic quantum mechanics and quantum field
theory:

Now in non-relativistic quantum mechanics, measurements are idealized as occurring at a single
moment of time. Correspondingly the interpretive rules for quantum field theory are often
stated in terms of ideal measurements which take place on Cauchy hypersurfaces. However, in
the interests of dealing with well-defined operators, one usually thickens the hypersurface, and
in fact the most general formulations of quantum field theory assume that there corresponds
to any open region of space-time an algebra of observables which—presumably—can be
measured by procedures occurring entirely within that region.⁴⁶FN:46

The question of whether measurements should be associated with (three-
dimensional) things or (four-dimensional) processes recurs in loop quantum gravity,
and will be discussed in Stachel (2006a).

3.6 CANONICAL QUANTIZATION (LOOP QUANTUM
GRAVITY)

From the point of view of the principle of maximal permutability, the basic problem
of the canonical formalism is that, by introducing a fibration and a foliation, it
violates the principle.

Indeed, when the Cauchy problem is formulated in terms of Lie derivatives with
respect to the vector field defined by the foliation and fibration (see Stachel 1962,
1969), it is already trivially diffeomorphism invariant in the sense that, if the fibration
and foliation are dragged along together with all the initial data fields imposed on
the spacetime, nothing is changed.

mentioned physical interpretation establishes the tie between spacetime and events. The role of
‘fields’ is only to provide a coordinatization of this net of algebras. (Haag 1996: 105).

This approach of course extensively utilizes the existence and properties of the background
Minkowski spacetime. In the section on causal sets, I shall cite Haag’s speculations about how it
might be generalized in the absence of such a background spacetime.

⁴⁶ See the previous footnote.
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But the fibration and foliation already assign a certain amount of individuality
to the points of spacetime before any initial data fields are imposed on it. Points on
the same hypersurface of the fibration and/or the same curve of the foliation are
distinguished by these characteristics.

What remains of permutation invariance is the three-dimensional diffeomorphism
invariance of the physically significant parts of the Cauchy data on the initial
hypersurface; and the freedom to change from evolution of the initial data along one
fibration and foliation to evolution along another, which is done by the choice of the
lapse and shift functions.

There certainly is a price to pay for this loss of manifest permutation invariance of
the theory under four-dimensional diffeomorphisms. Since the canonical formalism
manifestly preserves only three-dimensional diffeomorphism invariance within each
hypersurface of the foliation, it is perhaps not too surprising that many of its problems
have to do with time and dynamics.

Speaking about loop quantum gravity, Perez states,

The dynamics is governed by the quantum Hamiltonian constraint. Even when this operator
is rigorously defined it is technically difficult to characterize its solution space. This is partly
because the (3 + 1) decomposition of spacetime (necessary in the canonical formulation)
breaks the manifest 4-diffeomorphism invariance of the theory making awkward the analysis
of the dynamics. (Perez 2003: p. R 45)

Perez continues:

The difficulty in dealing with the scalar constraint [i.e. the Hamiltonian] is not surprising. The
vector constraint, generating space diffeomorphisms, and the scalar constraint, generating time
reparametrizations, arise from the underlying 4-diffeomorphism invariance of gravity. In the
canonical formulation the 3 + 1 splitting breaks the manifest four-dimensional symmetry. The
price paid is the complexity of the time reparametrization constraint S (i.e. the Hamiltonian).
(Perez 2003: p. R 49)

It is also clear that, by its nature, the canonical formalism favours a ‘state of things’
over a ‘process’ approach to quantum gravity. Whether this is a drawback; and if so,
how it can be overcome are questions discussed in Stachel (2006a), together with a
number of other questions raised by the modern canonical formulation of general
relativity (‘loop quantum gravity’).

Here I shall only comment on a question raised in the previous section: the
interplay between formalism and measurement. Ashtekar and Lewandowski (2004)
describe the strategy adopted in loop quantum gravity:

To pass to the quantum theory [of a fully constrained theory in its phase space formulation],⁴⁷FN:47
one can use one of the two standard approaches: i) find the reduced phase space of the
theory representing ‘true degrees of freedom’ thereby eliminating the constraints classically
and then construct a quantum version of the resulting unconstrained theory;⁴⁸ or ii) firstFN:48

⁴⁷ For detailed discussions of what is called ‘refined algebraic quantization’ of a system with first
class constraints, see Thiemann (2002: 22–5), and Thiemann (2001: §II.7, pp. 280–4).

⁴⁸ In this chapter, I shall not discuss alternative (i). Yet the possibilities of this alternative
approach to quantization should be kept in mind. In particular, the (2 + 2) formalism (for a recent
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construct quantum kinematics for the full phase space ignoring the constraints, then find
quantum operators corresponding to the constraints and finally solve the quantum constraints
to obtain the physical states.⁴⁹ Loop quantum gravity follows the second avenue … (AshtekarFN:49
and Lewandowski 2004: 51).

Note that, in this approach, the commutation relations are simply postulated.
For the physical interpretation and validation of the formalism, the configuration
variables and their conjugate momenta should be given some interpretation in terms
of procedures for their individual measurement; and—a crucial second step—the
limitations on the joint definability of pairs of such variables implied by the
postulated commutation relations should coincide with the limitations on their joint
measurability by these procedures (for a detailed discussion, see Bergmann and Smith
1982).

The question of the link between measurability and formalism seems especially
acute in view of the claim by Ashtekar and Lewandowski that there is essentially
only one possible representation of the algebraic formalism, and the suggestion by
Thiemann that this mathematical uniqueness may have been achieved at too high a
physical price.⁵⁰ As explained in detail in Stachel (2006a), in loop quantum gravity theFN:50
holonomies associated with a certain three-connection are taken as the ‘configuration’
variables, with a corresponding set of so-called electric-flux ‘momentum’ variables;
taken together, they obey a certain algebra. The main problem is that of finding the
physically appropriate representation of this holonomy-flux algebra (Ashtekar and
Lewandowski 2004: 41). They succeed in constructing one, and state:

Remarkably enough, uniqueness theorems have been established: there is a precise sense in
which this is the only diffeomorphism invariant, cyclic representation of the kinematical quantum
algebra … Thus, the quantum geometry framework is surprisingly tight. … there is a unique,
diffeomorphism invariant representation … (ibid. 41, their emphasis)⁵¹FN:51

One might have expected that, as in ordinary quantum mechanics, there is a complementary
representation, based on the ‘momentum’ variables conjugate to the configuration ones (these
are the ‘electric fluxes’ mentioned above), which essentially constitute the three-metric. But
these variables, suitably smeared, do not commute;⁵² consequently, [t]his result brings out aFN:52

summary with references to earlier literature, see d’Inverno 2003) offers a possible classical starting
point for such an approach, in which the two degrees of freedom of the inertio-gravitational field
are given a direct geometrical interpretation.

⁴⁹ For quantum kinematics, see e.g. Thiemann (2001: §I.3).
⁵⁰ The main point of the following discussion should be clear even to readers unfamiliar with

the canonical formalism: it is claimed that, given the techniques that make the new canonical
quantization possible, there is just one possible operator representation of the algebra of the basic
canonical variables. If correct, then it is crucial to make sure that the possibilities for actual
measurement of these variables reaches, but does not exceed, the limits set by this algebra.

⁵¹ Put more technically: ‘As we saw, quantum connection-dynamics is very ‘‘tight’’; once we
choose the holonomies A(e) and the ‘electric fluxes’ P(S, f ) as the basic variables, there is essentially
no freedom in the background-independent quantization’ (ibid.).

⁵² As a consequence, and even more significant for physical measurements, ‘area operators ÂS

and ÂS′ fail to commute if the surfaces S and S′ intersect. … Thus, the assertion that ‘‘the spin
network basis diagonalizes all geometrical operators’’ … that one sometimes finds in the literature is
incorrect’ (ibid. 46).
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fundamental tension between connection-dynamics and geometrodynamics. … [T]he metric
representation does not exist. (Ibid. 46)

This uniqueness claim is striking indeed. In Lorentz-invariant quantum field
theories, there are unitarily inequivalent representations of the basic algebra, which
led to the algebraic approach to quantum field theory that de-emphasizes the role of
the representations.⁵³ But in loop quantum gravity,FN:53

[T]hese results seem to suggest that, for background independent theories, the full generality
of the algebraic approach may be unnecessary. (Haag 1996: 41)⁵⁴FN:54

Some caution is advisable here; this result is based on the requirement of spatial
diffeomorphism invariance. But, as Thiemann notes,

[t]here are, however, doubts on physical grounds whether one should insist on spatial
diffeomorphism invariant representation because smooth and even analytic structure of
[the three-manifold] which is encoded in the spatial diffeomorphism group should not
play a fundamental role at short scales if Planck scale physics is fundamentally dis-
crete. In fact, as we shall see later, Q[uantum] G[eneral] R[elativity] predicts a discrete
Planck scale structure and therefore the fact that we started with analytic data and ended
up with discrete (discontinuous) spectra of operators looks awkward. Therefore … we
should keep in mind that other representations are possibly better suited in the final
picture … (Thiemann 2002: 40; see also the quotation from Thiemann (2001) at the end of
§3.2).

Are there other representations once one drops the demand for diffeomorphism
invariance? If there are, will they be inequivalent (as in quantum field theory) or
equivalent (as in non-relativistic quantum mechanics) to the Ashtekar–Lewandowski
representation? In view of the physical importance of the answers to these technical
questions, one would like to be certain that the formal success of this possibly unique
quantization is accompanied by an equally successful physical interpretation of it.
Ashtekar and Lewandowski are far from claiming that this has been accomplished.
In discussing quantum dynamics, they note that:

the requirement of diffeomorphism invariance picks out a unique representation of the
algebra generated by holonomies and electric fluxes. Therefore we have a single arena for
background independent theories of connections and a natural strategy for implementing
dynamics provided, of course, this mathematically natural, kinematic algebra is also ‘physically
correct’. (Ashtekar and Lewandowski 2004: 51)

Once these ‘kinematic’ steps have been taken, there still remains the final ‘dynamic-
al’ step:

⁵³ See Haag (1996) for a full account.
⁵⁴ While the full generality of the algebraic approach might not be needed, it might still

be worthwhile to investigate the possibility of a four-dimensional algebra that reduces to the
holonomy-flux algebra on a spacelike hypersurface. If this four-dimensional algebra could be related
to physical measurements, this might provide another approach to the question, raised above, of
physically justifying the holonomy-flux algebra instead of simply postulating it. See n. 47 for Haag’s
comments on the possibility of a net of algebras on a partially ordered set.
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We come now to the ‘Holy Grail’ of Canonical Quantum General Relativity, the definition
of the Hamiltonian constraint. [T]he implementation of the correct quantum dynamics is
not yet completed and one of the most active research directions at the moment. (Thiemann
2001: 150)

Another question can be raised in this connection. Might it be possible to go
beyond simply postulating the three-dimensional commutation relations in loop
quantum gravity, which after all do not take us beyond one spatial hypersurface?
Various spin-foam models are candidates for a four-dimensional, dynamical version
of the canonical approach. So it might be possible to introduce four-dimensional
commutation relations in such models (insofar as these models can be freed from
their origins in, and close ties to, the canonical formalism—see Stachel 2006a) and
show that the three-dimensional canonical commutation relations postulated on a
spacelike hypersurface can be derived from them.⁵⁵ Since the presence of a causalFN:55
structure seems necessary for the formulation of four-dimensional commutation
relations, causal spin-foam models might be good candidates for such an approach
(see Stachel 2006a).

3.7 THE CAUSAL SET (CAUSET) APPROACH

I should first like to draw attention to an early work on this subject, which I have
not seen cited in the recent literature on causal sets (Kronheimer and Penrose 1967).

This approach would seem to have already adopted much of the viewpoint
suggested here.⁵⁶ Spacetime points are replaced by quanta of process, elements ofFN:56
four-volume of order l4

P , and these are the basic entities in this approach.⁵⁷FN:57
They are connected to each other by a causal (partial) ordering relation. The

causal ordering relation enables us to define a causal past and a causal future for
each element of the causal set, forming the discrete analogues of the forward and
backward light cones of a point, which define the classical causal structure of a
spacetime. The number of quanta of process in any given four-dimensional process
determines its spacetime ‘volume’. Together, they provide the causal-set analogue of
the four-dimensional metric tensor. After introducing the idea of a ‘labeled causet’, in
which each element of the causet is labelled by the sequence in which it is introduced,
Sorkin et al. comment:⁵⁸FN:58

⁵⁵ ‘[I]t would be very interesting to reconstruct in detail the hamiltonian Hilbert space, as well
as kinematical and dynamical operators of the loop theory, starting from the covariant spinfoam
definition of the theory. At present [this problem is not] under complete control’ (Rovelli 2004:
362).

⁵⁶ For a popular survey, see Dowker (2003). For a more technical survey, see Sorkin (2003).
⁵⁷ Rudolf Haag’s comments on how the algebraic approach to field theory might be modified in

the absence of a background spacetime bear a close resemblance to the causal set approach: ‘In a
minimal adaptation of the algebraic approach and the locality principle one could keep the idea of
a net of algebras which, however, should be labeled now by the elements of a partially ordered set L
(instead of regions in R

4). L could be atomic, with minimal elements (atoms) replacing microcells
in spacetime’ (Haag 1996: 348).

⁵⁸ See Brightwell et al. 2002: 8.
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After all, labels in this discrete setting are the analogs of coordinates in the continuum,
and the first lesson of general relativity is precisely that such arbitrary identifiers must be
regarded as physically meaningless: the elements of spacetime—or of the causet—have
individuality only to the extent that they acquire it from the pattern of their relations to the
other elements. It is therefore natural to introduce a principle of ‘discrete general covariance’
according to which ‘the labels are physically meaningless’. But why have labels at all then? For
causets, the reason is that we don’t know otherwise how to formulate the idea of sequential
growth, or the condition thereon of Bell causality, which plays a crucial role in deriving
the dynamics. Ideally perhaps, one would formulate the theory so that labels never entered,
but so far, no one knows how to do this—anymore than one knows how to formulate
general relativity without introducing extra gauge degrees of freedom that then have to be
canceled• against the diffeomorphism invariance. Given the dynamics as we can formulate• Q2
it, discrete general covariance plays a double role. On one hand it serves to limit the possible
choices of the transition probabilities in such a way that the labels drop out of certain ‘net
probabilities’. This is meant to be the analog of requiring the gravitational action-integral
S to be invariant under diffeomorphisms (whence, in virtue of the further assumption of
locality, it must be the integral of a local scalar concomitant of the metric). On the other
hand, general covariance limits the questions one can meaningfully ask about the causet (cf.
Einstein’s ‘hole argument’). It is this second limitation that is related to the ‘problem of
time’, and it is only this aspect of discrete general covariance that I am addressing in the
present talk.

I think there is a certain confusion here between the causet analogues of active
and passive diffeomorphisms. Sorkin rightly emphasizes that ‘the elements of space-
time—or of the causet—have individuality only to the extent that they acquire it
from the pattern of their relations to the other elements.’ Yet he goes on to speak
about invariance under a relabelling of the elements of the causet as ‘discrete general
covariance’. But such a relabelling corresponds to a coordinate transformation, i.e.
a passive diffeomorphism. What is important physically is an active permutation of
the elements of the causet. But clearly all the physically relevant information about
the causet is contained in the network of order relations between its elements and,
as long as this is not changed, a permutation of the elements changes nothing. In
my terminology, the elements of the causet have quiddity—crudely put, they are
quanta of four-volume—but lack haecceity: nothing distinguishes one from the
other except its position in the causet. So, in spite of Sorkin’s terminology, there is
no problem here. The chief defect of the causal set approach is that so far it is not
really a quantum theory; that is, it has not been able to take the step from transition
probabilities to transition probability amplitudes, which would allow a Feynman
formulation of the theory, leading to ‘a ‘‘sum over histories’’ quantum theory of
causets’ (Dowker 2004), i.e. the addition of the amplitudes for indistinguishable
processes that begin with the same initial preparation and end with the same final
registration.

Perhaps associated with this problem is the circumstance that the theory is not very
closely linked to classical general relativity. It simply postulates certain things—such
as the discreteness of processes (i.e. four-volumes): the number of causet elements
gives the volume of the corresponding region of the approximating spacetime in



runall.tex V1 - July 11, 2006 8:19pm Page 77

Structure, Individuality, Quantum Gravity 77

Planck units⁵⁹—that one might hope to derive from a quantum version of generalFN:59
relativity, for example by an appropriate quantization of the conformal factor in the
metric (i.e. the determinant of the metric tensor). In the last section, I shall offer
some suggestions about how this might be done.

3.8 WHAT STRUCTURES TO QUANTIZE?

There are a number of spacetime structures that play an important role in the
general theory of relativity (see Stachel 2003). The chrono-geometry is represented
mathematically by a pseudo-metric tensor field on a four-dimensional manifold. The
inertio-gravitational field⁶⁰ is represented by a symmetric affine connection on thisFN:60
manifold. Then there are compatibility conditions between these two structures (the
covariant derivative of the metric with respect to the connection must vanish). As
noted above, major technical advances in the canonical quantization programme
came when the inertio-gravitational connection was taken as primary rather than the
chrono-geometrical metric. It is possible to start with only the metric field and derive
from it the unique symmetric connection (the Christoffel symbols) that identically
satisfies the compatibility conditions. A second order Lagrangian (the densitized
curvature scalar) then leads to the field equations in terms of the metric. This is
the route that was first followed historically by Hilbert, and is still followed in most
textbooks.

It is possible to treat metric and connection as initially independent structures,
and then allow the compatibility conditions between them to emerge, together
with the field equations (written initially in terms of the connection), from a first
order, Palatini-type variational principle. In this approach, metric and connection
are in a sense ‘dual’ to each other. Either of these methods may be combined with
a tetrad formalism for the metric, combined with one or another mathematical
representation of the connection, e.g. connection one-forms, or tetrad components
of the connection.

But one can go a step further and decompose the metric and affine connection
themselves. If one abstracts from the four-volume-defining property of the metric,
one gets the conformal structure on the manifold. Physically, this conformal structure
is all that is needed to represent the causal structure of spacetime. Similarly, if one
abstracts from the preferred parametrization (proper length along spacelike, proper
time along timelike) of the geodesics associated with an affine connection, one gets a

⁵⁹ See Dowker (2004). See also the more complete discussion in Sorkin (2003), which offers
several heuristic arguments.

⁶⁰ This is often referred to simply as the gravitational field. But it must be emphasized that
the deeper meaning of the equivalence principle is that there is no frame-independent separation
between inertia and gravitation. This is as true of Newton’s gravitational theory, properly interpreted
as a four-dimensional theory, as it is of general relativity.
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projective structure on the manifold.⁶¹ Physically the projective structure picks outFN:61
the class of preferred paths in spacetime.⁶² Compatibility conditions between theFN:62
causal and projective structures can be defined, which also guarantee the existence of
a corresponding metric and compatible affine connection.⁶³FN:63

But the important point here is that, as shown in Weyl (1921), in a manifold
with metric, its conformal and affine structures suffice to determine that metric (up
to an overall constant factor). We can use this circumstance to our advantage in the
first order, so-called Palatini variational principle for general relativity. As mentioned
above, in this case metric and affine connection are independently varied, and the
metrical nature of the connection follows from the variation of the connection. But
one can go further: break up the metric into its four-volume structure-determining
part (essentially, the determinant of the metric) and its conformal, causal structure-
determining part (with unit determinant); and break up the affine connection into
its projective, preferred path-determining part (the trace-free part of the connection)
and its preferred parameter-determining part (the trace of the connection).⁶⁴ EachFN:64
of these four parts may then be varied independently. Such a breakup is of particular
interest because, as noted in the previous section, the causal set theory approach to
quantum gravity is based on taking the conformal structure and the four-volume
structure as the primary constituents of the classical theory,⁶⁵ and then replacingFN:65
them with discretized versions (ibid.): the causal set idea combines the twin ideas of
discreteness and order to produce a structure on which a theory of quantum gravity
can be based.

However, in causal set theory no attention seems to have been paid to the
affine connection, and the possibility of finding quantum analogues of the traceless
projective and trace parts of the connection. The answer to this question might
lead to a link between the causal set approach and some quantized version of the
dynamics of general relativity. It is easy to set up a conformal-projective version
of the Palatini principle, in which the trace of the affine connection is dual to
the four-volume structure, suggesting that the projective connection is dual to the
conformal structure.⁶⁶FN:66

So a covariant quantization based on this breakup might lead to a representation in
which four-volume and conformal structures are the configuration variables—a sort

⁶¹ Alternately, and perhaps better put, if one abstracts from the concept of parallel transport its
property of preservation of ratios of parallel vectors, one gets the concept of projective transport,
which preserves only the direction of a vector.

⁶² Remember the distinction between curves, which are associated with a parametrization, and
paths, which are not. Since the holonomies of the affine connection are independent of the
parametrization of the curves, it is possible that the holonomies of the projective connection might
be more suited to a four-dimensional version of loop quantum gravity.

⁶³ See Ehlers et al. (1972). For some further results clarifying the interrelations between conformal,
(semi-)Riemannian, volume and projective geometrical structures, see Sanchez-Rodriguez (2001).

⁶⁴ For discussions of projective and conformal geometry, see Schouten (1954: 287–334).
⁶⁵ We can say that a spacetime is its causal structure (order) plus volume information (Dowker

2004).
⁶⁶ Further study has shown that the relations between the four structures are more complicated.

The results of this joint work with Mihaela Iftime will be reported elsewhere.
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of four-dimensional analogue of quantum geometro-dynamics; with the possibility
of another representation in which the projective connection and the trace factor
are the configuration variables—a sort of four-dimensional analogue of the loop
quantum gravity representation. Of course such an approach would seem to require
a full, four-dimensional quantization procedure rather than a canonical one.

As suggested above, such an approach might provide a way to derive the funda-
mental quantum of process in general relativity. Quanta of (proper) three-volume
and (proper) time might then be regarded as ‘perspectival’ effects of ‘viewing’ quanta
of four-volume by observers in different states of relative motion through spacetime.
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Queries in Chapter 3

Q1. Please confirm if all the terms ending with ‘or’ should be retained as such or if
it should be changed to ‘our’ throughout for oxford spelling.

Q2. Please confirm if all the terms ending with ‘l’ should be retained as such or if
it should be changed to ‘ll’ throughout for oxford spelling.


