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Abstract

Background independence is sometimes claimed to be the defining characteristic of general

relativity (GR), and a necessary feature of any candidate quantum extension. In this thesis, we

appraise numerous definitions of background independence, before assessing whether various

spacetime theories—both classical and quantum—manifest this quality. Our aims are three-

fold: (i) to clarify the best possible understanding of background independence; (ii) to assess

the extent to which, at the level of classical spacetime theories, background independence is

characteristic of GR alone; and (iii) to assess whether this quality is in fact manifest in some

of our best candidate quantum gravity theories.
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Chapter 1

Introduction

The quality of background independence is often claimed to be the defining characteristic of

general relativity (GR), and a necessary feature of any candidate quantum extension.1 Nev-

ertheless, there remain multifarious open questions regarding (i) the definition of background

independence; (ii) the relation between background independence and other qualities of GR,

such as diffeomorphism invariance; and (iii) the status of both classical and quantum space-

time theories with respect to background independence.

The purpose of this thesis is to resolve these questions. In §2, we present the semantic

conception of scientific theories – which will prove essential in the ensuing. In §3, we consider

four definitions of background independence; their relations to other important qualities of

spacetime theories (including GR), such as general covariance and diffeomorphism invariance;

their applications to theories such as GR; scope; interrelations; and limitations.

These in hand, in §4 we address the background independence of four classical space-

time theories: Newtonian gravitation (NG), Newton-Cartan theory (NCT); teleparallel gravity

1Claims of this form can be found in the works of e.g. Rovelli [113, 114] and Smolin [123, 124]; and (from a
somewhat different perspective) in those of de Haro et al. [25, 27].
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(TPG); and Kaluza-Klein theory (KKT). This work facilitates evaluation of these theories with

respect to this quality (thereby allowing comparisons with GR to be made); appraisal of the

definitions themselves; and the bringing to light of novel features of these theories.2

In §5, we discuss ways in which the above four definitions of background independence

may be modified to apply to quantum theories. This done, we assess whether both perturbative

string theory (§6) and bulk theories in so-called holographic dualities (§7), are background

independent. There exists a majority verdict that such is the case – meaning that background

independence cannot be cited as a reason not to pursue the study of these theories.3

Throughout this thesis, questions regarding whether background independence should be

considered a desideratum on any spacetime theory are set aside. Rather, we are concerned with

the formal features of this quality; the extent to which such features are exhibited in notable

spacetime theories; and the lessons which appraisals of background independence can teach

us regarding those theories.

2For example, forms of indeterminism in NG (§4.1.3); different senses of gauge invariance in TPG (§4.2.3);
and issues regarding the diffeomorphism group associated to KKT (§4.3.2).

3See e.g. [124, §5.4].
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Chapter 2

Models and Gauge

Throughout this thesis, we embrace the semantic conception of scientific theories—introduced

by Suppes [126], and famously endorsed by van Fraassen [134,135]—on which a given theory

is associated with a class of models.1 In this chapter, we introduce in §2.1 three important vari-

eties of model; before in §2.2 elaborating on how gauge redundancies fit into this framework.

Discussion at this stage is focussed exclusively upon classical theories; consideration of the

quantum is deferred to §5.

2.1 Three Classes of Model

For a given theory T , we take the most general class of associated models to be that of kinemat-

ically possible models (KPMs) K, which consists in tuples of specified geometrical objects.2

1Van Fraassen identifies a model of a theory as “Any structure which satisfies the axioms of [that] theory”
[134, p. 53]. In the language of this thesis, it is natural to identify models in van Fraassen’s sense with dynamically
possible models – or perhaps with the intersection of dynamically possible models and boundary possible models
(see §2.1). In this work, following e.g. [103, 104], we understand the notion of a model in a broader sense,
discussed below.

2Including tensors, but also (in principle) tensor densities, pseudotensors, etc. Though discussion of such
non-tensorial objects shall mostly be set aside in this thesis, for arguments for taking these objects seriously,
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For example, the KPMs of general relativity (GR) are picked out by all triples of the form

〈M, gab,Φ〉,3 where M is a four-dimensional differentiable manifold;4,5 gab is a Lorentzian

metric field on M ; and Φ is a placeholder for the matter fields of the theory.

Classically, a theory T , with KPMs 〈M,O1, . . . On〉 (where theOi are geometrical objects)

comes with a set of dynamical equations for the Oi. The KPMs of T in which the Oi obey

those dynamical equations form a subspace D ⊂ K, the dynamically possible models (DPMs)

of T . For example, in the case of GR, only those triples 〈M, gab,Φ〉 the geometrical objects

of which satisfy the Einstein field equations6

Gab = 8πTab (2.1.1)

—the dynamical equations of the theory, which relate gab to the stress-energy tensor Tab of the

Φ7—in addition to the dynamical equations of the Φ, are DPMs.8,9

Though the notions of KPMs and DPMs of a theory are known in the literature (see

see [95, 97].
3Throughout this thesis, abstract (i.e. coordinate-independent) indices are written in Latin script; indices in a

coordinate basis are written in Greek script; semicolons indicate covariant derivatives; commas indicate partial
derivatives; and the Einstein summation convention is used. Round brackets around indices denote symmetrisa-
tion over those indices; square brackets around indices denote antisymmetrisation. We also set GN = c = 1.

4Note with Earman and Norton that one should avoid making ab initio “unnecessary global assumptions”
regarding manifold topology. See [38, p. 5].

5One should avoid, at this stage, asserting M to be the spacetime manifold, for to do so is to conflate the
mathematical model under consideration with the possible world to which that model is ultimately interpreted
as corresponding (cf. footnote 9). Indeed, in light of the debate over the hole argument [38], it is not necessarily
correct to interpret M as representing substantial spacetime at all – though this issue shall be set aside in this
work.

6Barring discussion in footnotes 17, 18 and 20 of §3.3.3, as well as in §7, in this thesis we restrict to the case
of vanishing cosmological constant Λ. For Λ 6= 0, the field equations read Gab + Λgab = 8πTab.

7Sometimes, the matter fields Φ and their associated stress-energy tensor Tab are conflated (see e.g. [55,
p. 191], [74, p. 1014]). This is a mistake, and should be avoided – for further discussion, see §3.5.4.

8Strictly, independence of these dynamical equations from the Einstein field equations depends on the case in
question – for discussion of this point, see [19, §9.3] and [82, §20.6].

9Note that we take (following e.g. [15,105]) the class K of KPMs of T to be the class of all possible histories
of the fields O1, . . . , On (rather than as e.g. instantaneous states). If a choice of such histories is picked out as a
solution set of the specified the dynamical equations of the theory, then the associated model is a DPM. On this
understanding, one can proceed to interpret models as corresponding to possible worlds – see §2.2.
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Figure 2.1: The relation between K,D, and B for a generic T .

e.g. [103,104]), we introduce in this thesis a third class of models of a theory T , which we call

the boundary possible models (BPMs) B ⊂ K. These are those KPMs of T the Oi of which

satisfy certain specified boundary conditions. Again taking the example of GR, sometimes we

restrict attention to KPMs of this theory for which the metric field gab satisfies the boundary

condition of asymptotic flatness (see e.g. [138, ch. 11], and §§3.4.2, 3.5.3, and 7.1).

Where a class B is specified for T , we may take those models to specify the KPMs of

a restricted theory T ′. In that case, T ′ is a sub-theory of the super-theory T .10 Finally, for

a given T with specified dynamical equations and boundary conditions on its geometrical

objects, there is in general no restriction on the overlap betweenD and B – the generic picture

thus being as per Fig. 2.1.

2.2 Gauge Redundancies

Models of a theory T may be interpreted as representing possible worlds.11 Sometimes, how-

ever, we may wish to interpret two or more distinct models as representing the same world. In

that case, the space of KPMs K of T is partitioned into classes of gauge-equivalent models—

which are interpreted as representing the same world—and the multiplicity of models rep-

10The significance of this move will become clear in §§3.4.2 and 7.3.1.
11See e.g. [105, §2].
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resenting the same world is an example of a gauge redundancy. In the case in which the

interpretation of T leads to gauge redundancy, we may construct a reduced space of models

K̃, in which gauge-related models are identified.12

The above is purely formal; there remains an outstanding question concerning when two

models of T should be interpreted as representing the same world. One popular line (found in

e.g. [31, 50, 119, 120]) is as follows. First, define a symmetry transformation to be a transfor-

mation upon the Oi in the KPMs of T , such that DPMs of T are always taken to DPMs.13,14

The claim is, then, that two models of T should be regarded as representing the same possible

world if they are related by a symmetry transformation.15

According to this line on symmetries, which Møller-Nielsen dubs the interpretational ap-

proach [83, p. 4], in the presence of symmetry-related models, we may first (a) interpret those

models as representing the same possible world; then (b) identify such models, to construct a

reduced space of KPMs K̃; and finally (c) and seek to provide a “metaphysically perspicuous

characterisation” of the models of K̃.16 This is in contrast with the motivational approach [83,

p. 4], according to which the existence of symmetry-related models first (a) motivates us to

12For a concise expression of these points in the language of category theory, see [141–143].
13For an example of such a symmetry transformation, consider e.g. uniform boosts in Newtonian gravitation

(NG) – this theory being discussed in more detail in §4.1.2.
14In fact, as Belot points out, such a definition of a symmetry transformation is too broad: “Ordinarily, sym-

metries of theories are hard to come by. But some remarkable theories have atypically large symmetry groups.
The definition above effaces this sort of distinction between theories. For if we allow arbitrary permutations of
the solutions of a theory to count as symmetries, then the size of a theory’s group of symmetries depends only
on the size of its space of solutions” [15, p. 6]. Though Belot considers more nuanced definitions of symmetry
transformations [15, §§ 3-4] (which, for simplicity, are set aside in this work), he argues that all such defini-
tions come into conflict with what Møller-Nielsen calls the ‘interpretational approach to symmetries’ (discussed
below) [83, p. 4], according to which symmetry-related models represent the same possible world. This lends
further weight to Belot’s claims that the interpretational account should be rejected – see below.

15Not all symmetry-related models should be interpreted as corresponding to the same possible world, for
consider e.g. the case of Galileo’s ship, in which only a subsystem in a model of Newtonian mechanics is
boosted. In this case, we have two symmetry-related models, which nevertheless clearly do not correspond to
the same possible world. For a discussion of such issues, see [105, §2]; in this paper, we set these complications
aside by considering only symmetry transformations which act ‘globally’ upon theOi of KPMs of T , rather than
upon proper subsystems in those models.

16For discussion of what such a “metaphysically perspicuous characterisation” consists in, see [83, §3]. Note
that some advocates of the interpretational approach deny that the seeking of such a characterisation is necessary
at all – see e.g. [31, p. 322].

9



provide a “metaphysically perspicuous characterisation” of the shared ontology of these mod-

els; but only once such a characterisation is constructed should we (b) interpret those models

as representing the same possible world; and (c) identity those models to construct a reduced

space of KPMs, K̃.

In line with Møller-Nielsen [83, p. 3], Belot argues that in several important circumstances,

symmetry-related models represent distinct physical possibilities [16, p. 4]. One such case is

that of models of GR upon which asymptotic boundary conditions are imposed:17,18 [13, p. 3]

(Cf. also [16, pp. 29ff.].)

Consider a sector of GR in which asymptotic boundary conditions have been im-

posed. Let the space of DPMs be denoted byD, the group of spacetime diffeomor-

phisms that preserve the asymptotic boundary conditions be denoted by D, and

the group of spacetime diffeomorphisms asymptotic to the identity at infinity by

D0. In typical cases of physical interest, we find thatD can be viewed as the prod-

uct of D0 with a group G that is called the asymptotic symmetry group because it

can be thought of as acting geometrically at infinity. One then expects to find that

G acts also on D/D0 and that this action is associated in the usual way with the

conserved quantities that the imposition of asymptotic boundary conditions bring

into existence. In this case, it is natural to take solutions to be gauge equivalent

if and only if related by a diffeomorphism in D0 so that the space D/D0 can be

viewed as representing the physics of the theory without redundancy. But [the

interpretational approach] would appear to recommend instead taking the space

D/D to play this role—which would efface the interesting representation of G as

the symmetry group of the theory.

17In this quotation, notation has been altered for consistency with this thesis; there is no change in content.
18Whether Belot should be classified as endorsing the motivational approach on the basis of this example is,

however, unclear, for it appears that in this case Belot does not even consider us motivated to find a “metaphysical
perspicuous characterisation” of the shared ontology of symmetry-related models.
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In light of such cases,19 there exist legitimate reasons to question the interpretational ap-

proach, and to take seriously the motivational alternative. Wherever one stands in this debate,

however, the important point to note is that Belot does not subscribe to the former programme.

Indeed, counting the number of physically inequivalent models which are related by certain

symmetries is a crucial aspect of his account of background independence (see §3.5).

19And also—perhaps ultimately more important—the issues raised in footnotes 14 and 15.
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Chapter 3

Classical Background Independence

In this chapter, we discuss the concepts of general covariance (§3.1), diffeomorphism invari-

ance (§3.2), and absolute objects (§3.3). These introduced, in §3.3.3 we assess the possibility

of defining background independence as the absence of absolute objects in a theory, before in

§3.4 considering two definitions of background independence due to Pooley [104]. In §3.5,

we discuss a fourth definition, due to Belot [14, p. 2877]. For all of these approaches to back-

ground independence, we highlight potential problems and suggest associated revisions; we

close with an integrated discussion in §3.6.

3.1 General Covariance

The first concept in need of discussion is general covariance. We follow Pooley in giving the

following definition: [104, p. 12]

Definition 1. (General covariance) A formulation of a theory is generally covariant iff the

equations expressing its laws are written in a form that holds with respect to all members of a

12



set of coordinate systems that are related by smooth but otherwise arbitrary transformations.

With such a definition in mind, Friedman states that “the principle of general covariance

has no physical content whatever: it specifies no particular physical theory; rather it merely

expresses our commitment to a certain style of formulating physical theories” [46, p. 55]. The

reason for this—originally pointed out by Kretchmann in a communication with Einstein in

1917 [69]—is that any theory may be given a generally covariant formulation.1 Thus, GR does

not differ from special relativity (SR)—or any other spacetime theory—in virtue of having a

generally covariant formulation.

As Pooley points out, however, GR does differ from SR in lacking a non-covariant for-

mulation [104, p. 9]. This lack of preferred coordinates is due to the fact that the spacetime

structures of a generic solution of the theory lack symmetries and so cannot be encoded in

special coordinates. This lack of symmetry is entailed by, but does not entail, dynamical

spacetime structure. A fully dynamical field, free to vary from solution to solution, will in

general lack symmetries. The converse is not true, for in principle we can define a theory

involving a fixed metric with no isometries, and such a theory will only have a generally

covariant formulation [104, p. 9].2

3.2 Diffeomorphism Invariance

3.2.1 Diffeomorphisms

Let us now consider the notion of diffeomorphism invariance. For a given spacetime theory T

with arbitrary KPMM = 〈M,O1, . . . , On〉, consider a mapping d of the Oi on M , takingM
1For further discussion, see [5, 46, 85, 140].
2Smolin calls into question this claim [123, p. 201]. We endorse Pooley’s response, found at [104, fn. 17].

13



to a new model d∗M := 〈M,d∗O1, . . . , d
∗On〉. If d is smooth, one-one, onto, and has smooth

inverse, then it is called a diffeomorphism. These diffeomorphisms form a group, denoted

Diff (M).3

3.2.2 Two Theories

To discuss diffeomorphism invariance, it is useful to introduce two exemplar spacetime the-

ories. The first—a special relativistic theory with KPMs 〈M, ηab, ϕ〉, which, following Poo-

ley [104, p. 13], we refer to as SR1—is a theory of a real scalar field ϕ, with DPMs picked out

by the massless Klein-Gordon equation4

ηabϕ;ab = 0. (3.2.1)

In the KPMs of SR1, the Minkowski metric field ηab is fixed – i.e. is identically the same

in every model. The dynamically possible models (DPMs) are then the proper subset of the

KPMs picked out by the requirement that ϕ satisfies (3.2.1) relative to the ηab common to all

the KPMs. So understood, (3.2.1) is not an equation for ηab and ϕ together. Rather, it is an

equation for ϕ alone, given ηab [104, p. 13].

Now consider an exemplar general relativistic theory – call it GR1 [104, p. 14]. Here,

KPMs are triples 〈M, gab, ϕ〉; in this case, the Lorentzian metric field gab is no longer fixed,

and the DPMs are picked out as a subset of the KPMs by two equations – the field equations

3For details, see e.g. [138, pp. 437ff.].
4In SR1, a (unique) torsion-free, metric-compatible derivative operator is to be defined in terms of the metric

field ηab, and is not another primitive object.
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(2.1.1), and the analogue of (3.2.1),

gabϕ;ab = 0. (3.2.2)

Here, (3.2.2)—unlike (3.2.1)—is not an equation for ϕ given gab. Rather, (3.2.2) and the EFEs

form a coupled system of equations for gab and ϕ together [104, p. 14].5

Fixed fields such as the ηab of SR1 are standardly labelled background fields. In the foun-

dational literature on relativity, it is sometimes claimed that the essential novelty of GR is that

such background fields have been excised from the theory – so that GR qualifies as background

independent [104, pp. 2-3]. In §3.2.4, we assess whether this is correct.

3.2.3 Diffeomorphism Invariance

With the above in hand, we are in a position to discuss diffeomorphism invariance.6 As Poo-

ley notes [104, p. 13], one common such definition—especially in the post-hole argument

foundational literature (see e.g. [34, p. 47])—is the following:

Definition 2. (Diffeomorphism invariance) A theory T is diffeomorphism invariant iff, if

〈M,O1, . . . , On〉 is a DPM of T , then so is 〈M,d∗O1, . . . , d
∗On〉, for all d ∈ Diff (M).7

When applied to SR1, Def. 2 yields the verdict that the theory is not diffeomorphism
5Discussion of the distinction between theories with fixed fields—such as SR1—and theories with no such

fixed fields—such as GR1—can also be found in the works of Giulini [49, p. 114] and Vassallo [137, pp. 5ff.].
These works also discuss theories akin to Pooley’s SR2 [104, p. 18], introduced in §3.2.4.

6While in this subsection we focus exclusively on diffeomorphism invariance, the setup could in principle be
extended to any other symmetries of a certain theory.

7In fact, this is often taken as the definition of general covariance (see e.g. [46, pp. 51ff.]). As Pooley states,
“In arguing for this equivalence, [such authors appear] to overlook the crucial possibility ... that a coordinate-
free equation relating two geometric objects A and B, can nonetheless be interpreted as an equation for B alone,
given a fixedA” [104, p. 13]. This drives a wedge between the notions of general covariance and diffeomorphism
invariance, and is discussed further both in this subsection and in §3.2.4 below.
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invariant. The reason is that Def. 2 requires that if 〈M, ηab, ϕ〉 is a model of the theory, then

so is 〈M,d∗ηab, d
∗ϕ〉, for an arbitrary diffeomorphism d. However, this definition can only be

satisfied when d∗ηab = ηab; for the diffeomorphisms which do not satisfy this condition, the

model 〈M,d∗ηab, d
∗ϕ〉 is not even a KPM of the theory, let alone a DPM [104, p. 14]. What

goes for SR1 here also applies mutatis mutandis for any other theory with fixed fields – so, on

Def. 2, no such theory can be diffeomorphism invariant.

One might question at this stage, however, whether one should consider unrestricted dif-

feomorphisms in Def. 2, for a prima facie distinct and interesting question is the follow-

ing: given that a diffeomorphism keeps us within the KPMs of the theory, does it also keep us

within the DPMs? Following this line, one may choose to restrict in Def. 2 to diffeomorphisms

which keep us within the space of KPMs of the theory – and then ask whether such transfor-

mations also keep us within the space of DPMs. For example, in SR1, on this approach we

automatically restrict to diffeomorphisms satisfying d∗ηab = ηab, and then ask whether the

transformed model 〈M,d∗ηab, d
∗ϕ〉 = 〈M, ηab, d

∗ϕ〉 is also a DPM of the theory.

Such an approach, however, does not deliver the correct verdict on the diffeomorphism

invariance of theories such as SR1. For example, in this theory, the condition d∗ηab = ηab

restricts to diffeomorphisms which act as Lorentz transformations on the geometric objects of

the theory. But since the dynamical equation of SR1 (3.2.1) is Lorentz invariant, it is clear that

if 〈M, ηab, ϕ〉 is a DPM of the theory, then so too will be 〈M,d∗ηab, d
∗ϕ〉 for d so restricted –

delivering the intuitively incorrect verdict that SR1 is diffeomorphism invariant.

Thus, we see that restricting the scope of d in Def. 2 à la the above does not deliver a

plausible definition of diffeomorphism invariance. One way out here—which captures our

desire to assess whether transformations which keep us within the space of KPMs of a theory

also keep us within its space of DPMs—is due to Pooley [104, p. 13]. Letting Fi stand for

a fixed field common to all KPMs (such as ηab in SR1), and Di stand for a dynamical field,

Pooley defines diffeomorphism invariance as follows: [104, p. 15]
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Definition 3. (Diffeomorphism invariance, final) A theory T is diffeomorphism invariant iff,

if 〈M,F1, . . . , Fn, D1, . . . , Dm〉 is a DPM of T , then so is 〈M,F1, . . . , Fn, d
∗D1, . . . , d

∗Dm〉,

for all d ∈ Diff (M).8

Note that on Def. 3, SR1 fails to be diffeomorphism invariant, as required: for an arbitrary

diffeomorphism, if 〈M, ηab,Φ〉 is a solution of SR1, then 〈M, ηab, d
∗Φ〉 in general will not be.

However, the diffeomorphism invariance of theories with fixed fields is no longer precluded by

fiat – rather, it will fail in virtue of the transformed fields no longer satisfying the dynamical

equations of the theory in question (thus also avoiding the pitfalls of our above proposed

modification of Def. 2). This is a clear advantage of Def. 3. In addition, note that GR1 is

diffeomorphism invariant on unrestricted Def. 2: if 〈M, gab, ϕ〉 is a model of the theory, then

so is 〈M,d∗gab, d
∗ϕ〉, for arbitrary d. Since this is the case, GR1 is also diffeomorphism

invariant on restricted Def. 2 (in which we consider only diffeomorphisms which keep us

within the KPMs of the theory), and Def. 3.

In the remainder of this thesis, we fix the sense of ‘diffeomorphism invariance’ to be that of

Def. 3. One important upshot is that general covariance is not identical with diffeomorphism

invariance. To illustrate, the dynamical equations of SR1 are generally covariant; nevertheless,

the theory is not diffeomorphism invariant. Several authors err in making such an identification

– for example, Samaroo writes that “the requirement of general covariance is satisfied to the

extent that all of a theory’s geometric objects are invariant under Diff (M); thus, I will refer

henceforth to general covariance as diffeomorphism-invariance” [118, p. 1075].9

8This is a special case of the definition of a dynamical symmetry found at [34, p. 45]. Cf. footnote 6.
9In fact, this statement constitutes a more serious error, for invariance of a theory’s geometric objects under

diffeomorphisms is surely too strong a criterion for diffeomorphism invariance – rather, the relevant question is
whether the transformed fields still satisfy the theory’s dynamical equations.
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3.2.4 Diffeomorphism Invariance and Background Independence

Does diffeomorphism invariance coincide with background independence? Intuitively no, for

consider a theory of a real scalar field ϕ with models 〈M, gab, ϕ〉 and dynamical equations

gabϕ;ab = 0, (3.2.3)

Ra
bcd = 0. (3.2.4)

Here, Ra
bcd is the Riemann curvature tensor associated to the metric field gab.10 Once more

following Pooley [104, p. 18], call this theory SR2.11,12 SR2 is diffeomorphism invariant on

Def. 3. Nevertheless, it is intuitively not background independent, for although the metric

field is not fixed in all KPMs as with SR1, it is fixed13 in all DPMs via (3.2.4). This indicates

that diffeomorphism invariance cannot be equated with background independence.

3.3 Absolute Objects

3.3.1 Andersonian Absolute Objects

Anderson, echoing Kretschmann’s observation that any theory can be given a generally co-

variant formulation, challenges the view that general covariance is the characteristic feature of

10Via the associated (unique) torsion-free, metric-compatible derivative operator – cf. footnote 5.
11Note that unlike SR1, the metric field of SR2 is not fixed ab initio.
12One might complain that neither SR1 nor SR2 is the most natural formulation of a special relativistic theory

of the Klein-Gordon field – rather, KPMs of such a theory should be those constructed by quotienting the K of
SR2 by models the metric fields of which are related by diffeomorphisms. Since, as for Pooley, in this thesis
SR1 and SR2 are toy models introduced for illustrative purposes, this issue shall here be set aside.

13Or, to be more precise, is equivalent up to isomorphism.
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GR [4,5]. He claims, rather, that this distinguishing feature consists in GR’s representation of

its metric affine geometry by a dynamical object [5, p. 83], where such dynamical objects are

defined by way of contrast with so-called absolute objects. Anderson characterises absolute

objects as follows: objects the same in all DPMs;14 for our purposes, it suffices to elevate this

to a definition:

Definition 4. (Absolute object) A geometrical object the same (up to isomorphism) in all

DPMs of a theory.

The complement of the class of absolute objects in the class of the geometric objects in

the models of a theory is the class of dynamical objects [5, p. 83]. Sometimes, it is claimed

(see e.g. [95]) that a theory is background independent iff it has no absolute objects in its

formulation. We assess this proposal in §3.3.3; here we again elevate it to a definition:

Definition 5. (Background independence, absolute objects) A theory is background inde-

pendent iff it has no absolute objects in its formulation.

3.3.2 Confined Objects

It is worth mentioning one other class of objects which may appear in the models of a theory –

referred to by Pitts as confined objects [95, §2] (cf. [130]). Confined objects are structures (not

necessarily geometrical objects, in the sense of §2.1) which do not change at all, under any co-

ordinate transformation [95, p. 354]. As Pitts states, examples include the identity matrix, the

Lorentz matrix diag (−1, 1, 1, 1), fixed Dirac γµ matrices, Lie group structure constants, and

the Kronecker delta and Levi-Civita alternating symbol. Other possible examples of confined

14For a more formal presentation of Anderson’s account, also commenting on the differences between Ander-
son’s original presentation [5, p. 83] and Friedman’s later reformulation [46, pp. 58-60], see [95, pp. 348-353].
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objects include the metric signature [18];15 and the global topology of spacetime [118,123].16

Smolin implies in [123, p. 204] that all such confined objects should ultimately be excised

from our final theories of physics – exploring the extent to which this is both true and possible

is an interesting task for future pursuit.

3.3.3 Background Independence and Absolute Objects

As mentioned in §3.3.1, sometimes background independence is equated with the absence of

absolute objects in a theory. However, as noted by Pitts [95], Giulini [49], Pooley [104], and

Sus [127, 128], there are problems with this suggestion: [104, pp. 23-24]

1. There appear to exist cases in which structure that intuitively should count as back-

ground is not classified as absolute.

2. There appear to exist cases in which structure that intuitively should not count as back-

ground is classified as absolute.

3. On Anderson’s definition, GR itself apparently turns out to have an absolute object (and

so should count as background dependent).

Let us review each of (1)-(3) in turn.

Case 1: Torretti [131] gives an example falling into this class, considering a theory of modified

Newtonian kinematics in which each model’s spatial metric has constant curvature, but differ-

ent models have different values of that curvature. Because the spatial metric in every model

15Brown notes that the metric signature in GR is not a consequence of the field equations [18]. Indeed, in
principle (as e.g. Gibbons and Hartle have discussed [48]), metric signature change is possible in GR (or some
closely-related theory). If this work is vindicated, then metric signature may cease to be a confined object.

16Mirror symmetry in string theory seems to offer a case where spacetime topology ceases to be fundamental
– for a philosophically-oriented introduction, see [110].
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has constant curvature, “such a theory surely has something rather like an absolute object in

it” [95, p. 363]. Nevertheless, the failure of the metrics to be locally diffeomorphically equiv-

alent for distinct curvature values entails that the metric tensor does not satisfy Anderson’s

definition of an absolute object.

What should be made of this example? Arguably, it does not succeed, for, as Pitts observes

[95, pp. 17-18], if one decomposes the spatial metric into a conformal spatial metric density

and a scalar density, then the former is an absolute object (cf. (3) below), while the latter, while

constant in space and time, counts as a genuine, global degree of freedom [95, p. 18]. Thus,

this particular ‘counterexample’ to the equation of background independence with the absence

of absolute objects does not go through. (This, of course, does not preclude the formulation

of other counterexamples falling into this first case.)

Case 2: The best-known example of this type is that of Jones-Geroch ‘dust’. Consider a

general relativistic theory in which the metric field is coupled to matter characterised only by

a 4-velocity field Uµ and a mass density. Then, as Friedman states, “since any two timelike,

nowhere-vanishing vector fields defined on a relativistic space-time are d-equivalent, it follows

that any such vector field counts as an absolute object ... and this is surely counter-intuitive”

[46, p. 59]. In response to this example, Pitts, following Friedman, argues that such a ‘dust’

field violates a ban laid down by Anderson on physically redundant variables [95, pp. 355-356,

361-362], writing that “the proscription of irrelevant variables serves to eliminate the Jones-

Geroch counterexample: the dust 4-velocity Uµ does not count as an absolute object for GTR

+ dust because Uµ does not exist where there is no dust” [95, p. 356].

As Pooley states, however, it is unclear whether this response gets to the heart of this coun-

terexample, for “[i]n the context of this theory, the non-vanishing velocity field is, intuitively,

as dynamical as the the 4-momentum. The trouble arises not because we mistook as indis-

pensable an object that Anderson’s definition correctly classifies as absolute. The trouble is

that Anderson’s definition, intuitively, misclassifies that object” [104, p. 24]. In light of this,
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Pooley suggests that the notion of absolute objects might not, in fact, be a better candidate

than the notion of fixed fields for articulating the sense of ‘dynamical’ relevant to character-

ising background structure, for no such nowhere-vanishing velocity field qualifies as a fixed

field, even if it seemingly may count as an Andersonian absolute object.

Case 3: A similar strategy might be pursued in the third case, which regards Pitts’ claim

that GR itself has an absolute object [95, §8]. To see how Pitts reasons to this conclusion,

first recall that in so-called unimodular general relativity (UGR),17 since a metric tensor as a

geometrical object is decomposable into a conformal metric density and a scalar density, the

unimodular coordinate condition
√
−g = 1 means that there exists an absolute object in this

theory.18 Once such an example is noticed in the context of UGR, Pitts points out that, in fact,

similar reasoning holds for GR itself: [95, p. 366]

GR has an absolute object! This absolute object [
√
−g] is a scalar density of

nonzero weight, because every neighbourhood in every model spacetime admits

coordinates (at least locally) in which the component of the scalar density has a

value of −1.

As Pooley states [104, p. 25], one might accept this verdict without accepting that this au-

tomatically means that GR should count as background dependent.19 Such a move is possible

if, for example, one rejects the equation of background independence and the absence of abso-

lute objects, and, rather, attempts to return to the view according to which the absence of fixed

fields (in the sense of SR1) is somehow connected with background independence. In that
17That is, the version of GR with cosmological constant—for which the field equations read Gab + Λgab =

8πTab, and the associated Lagrangian is L = LG + LM , with LG =
∫
M
d4x
√
−g (R− 2Λ) and LM the matter

Lagrangian—in which the so-called trace-free Einstein equations, Rab − 1
4Rgab = Tab − 1

4Tgab, are derived as
the extrema of L via limitation to variations which satisfy the unimodular coordinate condition

√
−g = 1 [35,

p. 568].
18As Pitts mentions [95, p. 366], there also exists a second version of UGR which admits any coordinates,

with the help of a non-variational scalar density; this version of UGR clearly also possesses an absolute object.
19For an alternative approach, see [127, ch. 3], in which Sus argues for a non-standard definition of invariance

under a transformation. On this definition, it turns out that GR does not have an absolute object.
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case, for the background independence of GR, one would require that
√
−g be interpretable

as a fixed field – which is not correct. Pooley explores this option in two further definitions of

background independence [104], to which we turn in §3.4.20

The upshot of the above three cases is that while some ‘counterexamples’ to the equation of

the background independence of a spacetime theory with its lack of absolute objects do not

go through, to the extent that these are successful, the problems they present can be overcome

by equating background independence not with the absence of absolute objects, but with the

absence of fixed fields. As we have seen in §3.2.4, however, prima facie there exist problems

with this proposal: for example, it cannot account for the background dependence of SR2. In

the following subsection, we see how such problems may be overcome.

3.4 Fixed Fields and Variational Principles

There exist problems with the equation of background independence and the absence of ab-

solute objects. Accordingly, in this subsection we turn to two definitions of background in-

dependence due to Pooley [104], both of which constitute reappraisals of the link between

background independence and the absence of fixed fields (in the sense of SR1).

20In connection with UGR, it is worth remarking on some comments made by Earman [35]. In GR with
non-zero cosmological constant, Λ is non-dynamical. With this in mind, Earman states that “if Λ is not a
universal constant, it too must be varied; and the consequence of this variation of [L = LG + LM with
LG =

∫
M
d4x
√
−g (R− 2Λ) and LM the matter Lagrangian] is the absurd result that

√
−g = 0, i.e. that the

volume of spacetime is zero” [35, p. 562]; from this, he infers that Λ must be a universal constant, i.e. constant
across all models (KPMs). By contrast, Earman continues, in the UGR formalism, the cosmological constant
arises as an integration constant from ∇a (R+ T ) = 0, which follows from the UGR field equations and the
energy-momentum conservation equation∇aTab = 0, the latter of which in this formalism (and unlike GR) does
not follow from the field equations, but rather must be postulated separately [35, p. 563]. For this reason, in
UGR Earman claims that Λ is free to vary across models (sometimes, this is claimed to suggest a solution to
the infamous cosmological constant problem – for sceptical discussion, see [35, §4]). What we wish to point
out here is that it is not clear why a non-variational (i.e. fixed) field such as Λ in GR may not differ from model
to model (and yet, nevertheless, be fixed in each model) – in fact, we see in §3.5.4 that this possibility poses
problems for Belot’s definition of background independence.
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3.4.1 Fixed Fields

At [104, pp. 20, 23], Pooley hints at the following definition of background independence:

Definition 6. (Background independence, fixed fields) A theory is background independent

iff it has no formulation which features fixed fields.

The idea here is that while, for example, SR2 does not feature any fixed fields, it has an

alternative formulation—SR1—which does feature fixed fields; for this reason, SR2 fails to

be background independent. Def. 6 appears to deliver intuitively correct results. To be satis-

factory, however, some criterion must be provided for when two prima facie distinct theories

are, in fact, mere reformulations of the same theory. Drawing upon [104, p. 20], one might

specify this criterion to consist in the following:

Definition 7. (Equivalent theory formulations) Two theories, T1 and T2, are equivalent for-

mulations of the same theory when:

1. KPMs of T1 and T2 involve the same types of geometric object.

2. DPMs of T1 and T2 are isomorphic, up to classes of diffeomorphism-related models.

In Def. 7, (1) can be cashed out as follows: if KPMs of T1 consist in a certain number

of (r, s)-tensors, weight w tensor densities, etc., then so too must the KPMs of T2. Such a

criterion is clearly satisfied in the case of SR1 and SR2, in spite of the metric field ηab being

a fixed field in the former case.21 On (2), note that in the case of SR1 and SR2, DPMs of

the former theory are isomorphic to DPMs of the latter; it is just that, for each DPM of SR1,

there is an infinite set of DPMs of SR2 which differ by a diffeomorphism on the metric field.

Nevertheless, as Pooley states, “in the sense that matters, the metric structure of spacetime
21Formulating criterion (1) in this manner excludes many theories related by dualities (see §7) from qualifying

inappropriately as theory reformulations.
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[in SR2] does not differ from DPM to DPM: the gab in any two DPMs are isomorphic to one

another” [104, p. 20]. It is this fact which motivates our more lenient formulation of (2) than

mere isomorphism between the respective D of T1 and T2.

Clearly,22 with Def. 7 in hand, Def. 6 delivers the correct verdict that both SR1 and SR2

are background dependent. One problem with such a definition, however, is that one cannot

straightforwardly use it to assess the background independence of a theory on its own terms

– and absent any argument that there exist no formulations of that theory which feature fixed

fields, it can be difficult to appraise using Def. 6 whether or not the theory is indeed back-

ground independent. Nevertheless, Def. 6 remains valuable; we see the substantive work to

which it can be put in the following chapters.

3.4.2 Variational Principles

In spite of SR2 and GR1 sharing the same space of KPMs, there exists an important formal

difference between the two theories [104, p. 27]. In the case of GR1, the space of DPMs

picked out by its dynamical equations can be derived from a variational principle via the

action

SGR1 =

∫
d4x (LG + Lϕ) , (3.4.1)

where

LG =
√
−gκR (3.4.2)

22And, indeed, almost by construction – albeit on independently plausible grounds.
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is the Einstein-Hilbert ‘gravitational’ part of the Lagrangian (R being the Ricci scalar and κ a

suitable constant), and

Lϕ =
√
−ggabϕ;aϕ;b (3.4.3)

is the ‘matter’ Lagrangian of the massless Klein-Gordon field. By contrast, the same is prima

facie not true of SR2. This motivates the idea that background independence might be syn-

onymous with all of a theory’s dependent variables being subject to Hamilton’s principle [104,

p. 28]. In turn, this rules SR1 from being background independent, since in this case only ϕ,

and not ηab, is subject to Hamilton’s principle (in general, this will preclude any theory with

fixed fields from being background independent, in line with the morals of §3.3.3). It will also

rule out SR2—as desired—if the solution space of this theory really is not obtainable from an

appropriately formulated action principle.

As noted by both Pitts [95, p. 357] and Pooley [104, p. 28], however, it is possible to derive

the dynamical equations of SR2, (3.2.3) and (3.2.4), from an action principle. In [111], Rosen

shows that these can be derived from an action in which the LG piece in SGR1 is replaced with

a different term, LS =
√
−gΘabcdRabcd. This prescription involves a Lagrange multiplier field

Θabcd, in addition to the fields common to SR2 and GR1. In this new action, all the dependent

variables are subject to Hamilton’s principle.23 Varying Θabcd leads to (3.2.4). Since ϕ does

not occur inLS , varying this field has the same effect as in GR1, and leads to the Klein-Gordon

equation (3.2.3).24

If we want to exclude SR2 from being background independent on this definition, we need

to identify some means of demarcating actions such as that of Rosen as being pathological.

To this end, Pooley suggests introducing a further criterion into the variational definition of
23For further discussion of this theory, see [125].
24One also needs to consider variations of gab. Rather than the EFEs, this leads to an equation that relates

Θabcd, gab and ϕ [125, p. 696].
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background independence, to arrive at the following: [104, p. 28]

Definition 8. (Background independence, variational) A theory is background independent

iff its solution space is determined by a generally-covariant action, (i) all of whose depen-

dent variables are subject to Hamilton’s principle, and (ii) all of whose dependent variables

represent physical fields.

The idea is that SR2 fails to satisfy (ii) because, in Rosen’s action, the field Θabcd is unphys-

ical (as Pooley states, Θabcd “makes no impact on the evolution of gab and ϕ and hence, were it

a genuine element of reality, it would be completely unobservable” [104, p. 29]). Though this

seems to overcome the problem in this case, it is unclear whether other further cases—such

as theories involving ‘clock fields’—can be accommodated in a parallel manner [104, pp. 29-

32].25 To see what is meant here, turn now to the programme of parameterisation.26

Consider a simple case of parameterisation, in which one starts with the (Lorentz covari-

ant) action for a theory such as SR1, defined with respect to inertial frame coordinates. To

construct the parameterised theory corresponding to SR1, one treats the four coordinate fields

Xµ of this formulation as themselves dependent variables (‘clock fields’), writes them as func-

tions of arbitrary coordinates, Xa = Xa (xν),27 and re-expresses the Lagrangian in terms of

these new variables. Hamilton’s principle is applied to the original dynamical variables, now

conceived of as functions of xν , and to the clock fields Xa.

As Pitts states [96, p. 8-9], a parameterised special relativistic theory will have clock fields

in the Poincaré invariant combination

ηµν := ηabX
a
,µX

b
,ν , (3.4.4)

25The example of a theory with clock fields is also mentioned at [95, p. 359].
26Discussed by e.g. Kuchař [70, 71].
27Having rewritten indices µ → a (a = 0 . . . 3) to indicate this elevation in status. The significance of this

notational shift shall become clear in §4.2, where a parallel is drawn between clock fields and tetrad fields.
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through which the metric field ηµν is defined in terms of the Xa; ηab = diag (−1, 1, 1, 1) (so

that ηab is a confined object in the sense of §3.3.2); and the comma denotes differentiation

with respect to arbitrary coordinates xν . In the case of SR1, stationarity under variations of ϕ

leads to an equation for ϕ and Xa that is satisfied just in case ϕ satisfies the Lorentz-covariant

Klein-Gordon equation with respect to the Xa. Stationarity under variations of the Xa yields

equations that are automatically satisfied if the first equation is satisfied [104, pp. 29-30].28

In such a theory, do the Xa count as ‘physical fields’? If they do so count in the case of

e.g. the parameterised version of SR1, then there is a worry that Def. 8 delivers the incorrect

verdict that such a theory is background independent – when intuitively it is not, since it is a

reformulation of SR1. To resolve this matter, first note with Pooley that, unlike Θabcd above,

the clock fields “certainly encode something physical, since they encode the metrical facts

... But there is also a sense in which they do not themselves directly represent something

physical: coordinate systems are not physical objects” [104, p. 31].29

While it is true that clock fields, on the above presentation, are constructed from a given

coordinate system, the relevance of this observation is, ultimately, unclear. The reason for this

is that, in the resulting parameterised theory—KPMs of which may be specified to be tuples

〈M,Xa,Φ〉—the fields Xa manifestly do encode physical facts, insofar as they replace the

metric field of the original theory. Thus, there do exist good reasons to take the clock fields to

be physical fields, in spite of the means via which they are constructed.

A different question is the following: do the Xa qualify as fixed fields? Regardless of

the theory from which we began (in our example, SR1), the answer appears to be no, for

28In fact, this result holds more generally [95, p. 9].
29Note also Pooley’s observation that encoding a flat metric via clock fields à la (3.4.4) does not uniquely

determine those clock fields [104, p. 31], for if Xa corresponds to one such set of fields, then so will any set X ′a

where the X ′a are related to the Xa by a Lorentz transformation. This means that the Xa contain redundancy;
‘internal’ Lorentz transformations Xa → X ′a should be regarded as mere gauge redescriptions. In our view,
the fact that the Xa exhibit gauge redundancy does not preclude their being physical fields – or at least, does
not preclude some of their degrees of freedom from being counted as physical (cf. e.g. the vector potential of
electromagnetism). Thus, the relevance of Pooley’s observation here is unclear (cf. §4.2).
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the Xa are subject to a variational principle. However, this need not be so, for consider

Pitts’ observation that, since stationarity under variations of the Xa yields equations that are

automatically satisfied if equations of motion for the other fields are satisfied, “it does not

much matter whether Xa are varied or not” [96, p. 9]. If we do not vary the Xa, then such

fields violate Def. 8 of background independence.

The upshot, then, is the following: if the Xa are varied, then parameterised versions of

theories such as SR1 appear to pose a problem for Def. 8, for such theories, being reformu-

lations of intuitively background dependent theories, are themselves intuitively background

dependent. On the other hand, there is room to argue that the Xa should not be varied – in

which case, such parameterised theories do come out as background dependent, on Def. 8. To

overcome this contingent dependence on whether the clock fields of a parameterised theory

are varied or not, one option is to fix (i) of Def. 8 to read: ‘all of whose dependent variables

must be subject to Hamilton’s principle, in order to recover the dynamical laws of the theory.’

Finally, let us change tack, by remarking that Def. 8 should be considered only a sufficient

condition for background independence, for in principle it is possible to construct theories con-

sisting entirely of dynamical fields, with no corresponding action principle (i.e. no Lagrangian

associated to the theory). Such theories may qualify, intuitively, as background independent,

yet due to the absence of an appropriate action, would not so count on Def. 8.

One illustration of something like this theme arises through consideration of GR with

asymptotic boundary conditions – for example, with the condition that the metric field gab be

flat at spatial infinity (cf. §2.2). There exist (at least) three options available for the advocate of

Def. 8 in assessing the background independence of this ‘theory’. First, she may claim that a

theory plus boundary conditions is not itself a new theory, and that background independence

of a theory plus boundary conditions (these fixing a B ⊂ K) should be assessed with respect

to D ⊂ K (recall Fig. 2.1). In this case, since GR comes out as background independent on

Def. 8, so too does GR with asymptotic boundary conditions.
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A second option here is to consider the specified classB of BPMs of GR, in this case picked

out by the condition of asymptotic flatness, to define the KPMs of a new theory:30 GR plus

these asymptotic boundary conditions. Then, background independence should be assessed

with respect to whether the dynamical laws which pick out D ∩ B ⊂ B can be obtained as

per Def. 8. Since, however, in this theory we restrict at the level of KPMs to those models

satisfying the specified boundary conditions, to derive the laws picking out D ∩ B from an

action principle just is to derive the laws picking out D from an action principle. On this

interpretation—according to which B picks out the KPMs of a new theory—a theory such as

GR with asymptotic boundary conditions can also be background independent, on Def. 8.

A third position is the following. Once again, consider e.g. GR plus asymptotic boundary

conditions to be a new theory; KPMs are picked out byK; DPMs are now picked out byD∩B

– so that in this case boundary conditions are imposed dynamically, whereas in the second

possibility discussed above, they were imposed at the level of kinematics. In this case, in order

for the theory to satisfy Def. 8, one would need to derive from an action principle dynamical

equations which pick out such a D ∩ B. It is not clear, however, that this can in general be

achieved – that is, it is not clear that one can in general derive boundary conditions from an

action principle. But if this is the case, then it looks like such theories are not background

independent, on Def. 8 and this third approach – unless, as mentioned above, one regards

Def. 8 merely as a sufficient condition on background independence.

3.5 Belot’s Proposal

In the above, we have seen definitions of background independence in terms of absolute ob-

jects (Def. 5); fixed fields (Def. 6); and variational principles (Def. 8) – all three face difficul-

ties when presented with various problem cases. In this section, we turn to a fourth account of

30This possibility was raised in §2.2.
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background independence, due to Belot; the central ‘morals’ of this approach are claimed to

be the following: [14, pp. 2872-2873]

1. Background (in)dependence comes in degrees: some theories are background (in)dependent,

others nearly so, and others fall somewhere in between.

2. A theory can fail to be fully background independent in virtue of asymptotic boundary

conditions.

3. The extent of the background (in)dependence of a theory is not a strictly formal one: in

particular, it depends on how one thinks of the geometric structure of each solution and

on what sorts differences between solutions one takes to be unphysical.

In §§3.5.1, 3.5.2, and 3.5.3, we recall how Belot arrives at these results; then, in §3.5.4, we

raise some potential problems for Belot’s programme.

3.5.1 Geometrical and Physical Degrees of Freedom

Central to Belot’s account are the notions of geometrical and physical degrees of freedom.

Beginning with the former, consider a KPM of a given theory; Belot tells us that we must be

able to identity some geometrical structure in that model; moreover, there may exist a rule

for when the geometrical structures of two KPMs are equivalent. Then, “we can look at the

set of spacetime geometries that arise in [models] of the theory and at the set of equivalence

classes of such geometries under the relation of geometrical equivalence ... We call any set

of variables that parameterise this latter set the geometrical degrees of freedom of the theory

relative to the geometrisation” [14, p. 2874].

To put this slightly differently, Belot’s story regarding geometrical degrees of freedom

runs as follows. First, for a theory T , take a KPMM = 〈M,O1, . . . , On〉, and identify certain
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objects in this model as ‘geometrical structure’.31 Marking such structure with a superscript

G, we can write this KPM as M = 〈M,OG, O1 . . . , On−1〉. Now consider the geometrical

structures OG and O′G associated respectively to two modelsM andM′ of T . In interpreting

the models of T , we may sometimes wish to regard OG and O′G as equivalent geometrical

structure. For example, in models of SR, if OG = O′G = ηab, then clearly these geometrical

structures are equivalent, for they are the very same object. Similarly, in GR, we may wish to

regard OG = gab and O′G = d∗gab, d ∈ Diff (M), as equivalent geometrical structures.

Now consider the set G of the geometrical structures in all DPMs of T . In accordance

with the above rule, we can identify subsets of G which correspond to equivalence classes

of geometrical structures. According to Belot’s proposal, we should consider the reduced set

of geometrical objects of the theory, call it G̃, which is constructed from G by quotienting by

these classes of equivalent geometries (so that each element of G̃ corresponds to one such class

in G). The degrees of freedom needed to parameterise this latter set G̃ are what Belot calls the

geometrical degrees of freedom of T .

With the above in mind, now introduce Belot’s notion of physical degrees of freedom.

Consider again the space K of KPMs of a theory T . Often, we wish to interpret two models

as representing the same possible world; the models are then said to be gauge-equivalent –

see §2.2. In the presence of gauge-related models, we may quotient the space K of T to

arrive at a reduced space K̃, elements of which correspond to equivalence classes of gauge-

related models inK; the thought is that elements of K̃ contain no redundant ‘gauge’ degrees of

freedom. On Belot’s account, the degrees of freedom needed to parameterise D̃—the gauge-

quotiented class of DPMs of T—are the theory’s physical degrees of freedom.32

Belot’s position on background independence can then be put as follows: a theory is back-

31For clarity of exposition, we assume that there is just one such object representing ‘geometrical structure’ in
the model.

32The reasons for which physical degrees of freedom are taken to parameterise D̃ rather than K̃ are discussed
in §3.5.3.
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ground independent just if its number of geometrical degrees of freedom coincides with its

number of physical degrees of freedom (see Def. 10). The upshot of this definition is that, in a

background independent theory, to each model M̃ ∈ D̃, there corresponds unique geometrical

structure ÕG ∈ G̃, in the sense of previous subsection. Thus, the geometrical structure ÕG

acts as a passport for the associated model M̃. In the following subsections, we see how this

definition plays out in less abstract terms.

3.5.2 Background Independence

With the above notions of geometrical and physical degrees of freedom in hand, Belot defines

four ‘degrees’ of background independence, as follows: [14, pp. 2877-2878]

Definition 9. (Full background dependence, Belot) A field theory is fully background depen-

dent if it has no geometrical degrees of freedom: every solution is assigned the same spacetime

geometry as every other solution.

Definition 10. (Full background independence, Belot) A field theory is fully background

independent if all of its physical degrees of freedom correspond to geometrical degrees of

freedom: two solutions correspond to the same physical geometry iff they are gauge equivalent.

Definition 11. (Near background dependence, Belot) A field theory is nearly background

dependent if it has only finitely many geometrical degrees of freedom: quotienting the space

of geometries that arise in solutions of the theory by the relation of geometrical equivalence

yields a finite-dimensional space.

Definition 12. (Near background independence, Belot) A field theory is nearly background

independent if it has a finite number of non-geometrical degrees of freedom: there is some N

such that for any geometry arising in a solution of the theory, the space of gauge equivalence

classes of solutions with that geometry is no more than N -dimensional.
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In effect, these definitions measure the degree of background independence by looking at

how many of the physical degrees of freedom correspond to geometrical degrees of freedom.

The limiting cases are full background dependence (in which there are no geometrical degrees

of freedom) and full background independence (in which all physical degrees of freedom are

geometrical degrees of freedom); intermediate cases are also possible [14, p. 2878].

3.5.3 Applications

It is instructive to consider the application of the above definitions to certain case studies.

Beginning with SR1, Belot writes of this theory that “the space of [KPMs] is the space of

twice-differentiable ϕ; and the equation of motion is the Klein-Gordon equation, [(3.2.1)].

Here we have full background-dependence: the Minkowski metric ηab is [sic] provides the

fixed stage against which the scalar field evolves” [14, p. 2868]. The reason for this back-

ground dependence is that “each solution has the geometry of Minkowski spacetime, so there

are no geometrical degrees of freedom” [14, p. 2878].

On GR1, Belot’s account also seems to deliver the correct result: “the theory is ... fully

background-independent: two solutions share the same geometry if and only if they are related

by a diffeomorphism if and only if they are gauge equivalent” [14, p. 2878]. The expectation

is that to each physical degree of freedom there corresponds a distinct geometrical degree of

freedom, though whether there is indeed a one-one correspondence here is unclear – we return

in §3.6 to assess whether this claim is strictly correct.

Now consider SR2. In SR2, the flatness of the spacetime metric is not fixed ab initio

by its being specified as a fixed field; rather, it is determined dynamically by (3.2.4). This

means that generic KPMs may be parameterised by non-trivial geometrical degrees of free-

dom. However, in the DPMs of the theory, the metric field gab is constrained to be flat, so
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there are no geometrical degrees of freedom.33 Having made this move, Belot’s account again

issues the intuitively correct verdict that SR2 is (fully) background dependent.

Finally, it is worth considering one advertised advantage of Belot’s account: that it permits

judgements of intermediate background independence. To see this, consider the sector of

GR in which solutions are asymptotically flat at spatial infinity. Here, M ∼= R4, and the only

field is a Lorentzian metric field gab required to be twice-differentiable, globally hyperbolic, to

approximate Euclidean geometry in a suitable sense at spatial infinity,34 and to satisfy (2.1.1).35

On this theory, Belot writes:

The most natural thing to say is that this theory lies between paradigmatic non-

background-independent theories like those in which fields propagate against the

backdrop of Minkowski spacetime and paradigmatic background-independent the-

ories like spatially compact general relativity. On the one hand, there are no fields

on spacetime, fixed or dynamical, that encode a fixed background structure such

as a geometry—indeed, locally the field of the theory has all of the freedom of the

metric field of ordinary spatially compact general relativity. On the other, there is

also a sense in which the boundary conditions of the theory ensure that any solu-

tion has the structure of Minkowski spacetime at infinity—and this is reflected in

the fact that the theory is not generally covariant. [14, p. 2871]

Again, Belot’s account offers an intuitively plausible judgement on this example: The

theory is nearly background independent, but the fixing of the metric behaviour at infinity

prevents it from being fully so. To see this, note that in this theory, two solutions correspond to

the same geometry if and only they are related by a diffeomorphism;36 for Belot, two solutions
33This illustrates why, when assessing whether a theory is background independent à la Belot, one must do so

with respect to DPMs, rather than KPMs.
34This fixes B ⊂ K in GR. In this section, however, for simplicity we consider this B to fix the KPMs of the

theory of asymptotically flat GR, as per the discussion in §2.1.
35This fixes the space of DPMs D ⊂ K of the theory.
36Recall our comment on GR in §3.5.1.

35



are gauge equivalent if and only if they are related by a diffeomorphism asymptotic to the

identity at spatial infinity.37 Then, “if one quotients the family of solutions sharing a given

geometry by the relation of gauge equivalence, the result is a ten-dimensional space” [14,

pp. 2878-2879] – accordingly, the theory satisfies Def. 12.38

As an aside, it is interesting to consider what one will make of asymptotically flat GR on

Belot’s definition if one does not endorse Belot’s view that models related by a diffeomor-

phism asymptotic to the identity at spatial infinity are not to be considered gauge-equivalent,

but rather embraces the interpretational account, according to which such models are gauge-

equivalent (recall §2.2). In this case, gauge-equivalent models are those models related by

diffeomorphisms, including diffeomorphisms at infinity, so there exists a one-one correspon-

dence between physical and geometrical degrees of freedom, so that the theory comes out as

fully background independent.

3.5.4 Problems for Belot’s Programme

Belot’s account appears to deliver the correct verdict on the background independence of a

number of examples. Nevertheless, there are problems. In this subsection, we first present

some methodological concerns, before turning to apparent counterexamples.

37Crucially, Belot’s understanding of symmetry-related models as not always being gauge equivalent (see §2.2)
is at play here.

38Another advertised advent of Belot’s account—as pointed to in §3.5—is that it allows us to make sense of
theories which are ambiguously background independent (see [14, §§3.3, 7.1]). Note also that Belot’s account
delivers the correct verdict in other cases, such as that of GR plus Jones-Geroch ‘dust’ (see §3.3.3).
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The Priority of Geometry

Recall Brown’s statement—made on the basis of prior discussions due to Anderson [5, p. 342]—

that39

Nothing in the form of the equations [of GR] per se indicates that gab is the metric

of space-time, rather than a (0, 2) symmetric tensor which is assumed to be non-

singular, but, significantly, whose signature is indeterminate. ... The ‘chronogeo-

metric’ or ‘chronometric’ significance of gab is not given a priori. [19, p. 160]

Such a position regarding the geometric import of the fields defined on M in a spacetime

theory such as GR is clearly at odds with Belot’s approach, which employs a prior specification

of geometrical objects in any model of the theory in question – with background independence

assessed with respect to these ‘geometrical’ objects. Though this is not a fatal problem for

Belot’s account, it does highlight that there is more to identifying ‘geometry’ in spacetime

theories than Belot is apt to admit. Moreover, if one does endorse such a Brown-Anderson line,

then one may be pushed to provide an account of background independence which treats all

fields on a par (such as Def. 6 or Def. 8), rather than one involving any such prior demarcation

of geometry.

Apparent Counterexamples

Perhaps more significantly, there also exist cases in which Belot’s programme does not deliver

the intuitively correct results – in part because Belot’s definitions (presented in §3.5.2) are

insufficiently closely tied to whether the fields of the theory in question are fixed or dynamical;

39Notation in this quotation has been amended to render it consistent with this thesis; there is no change in
content. Whether such rewriting is completely innocuous is questionable in the light of [140]; nevertheless, we
here set such worries aside.
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and in part due to the fact that even after addressing this issue, geometrical degrees of freedom

need not be in one-one correspondence with physical degrees of freedom in an intuitively

background independent theory. Let us consider these two potential problems in turn.

First, consider a spacetime theory with KPMs 〈M, gab, ϕ〉, where ϕ is a real scalar field,

subject to the specification that in every model, the field gab adopts an inequivalent configu-

ration, and in each case such inequivalent configurations are in one-one correspondence with

configurations of the field ϕ, which are also inequivalent across every possible model. In that

case, even though the gab field is not subject to dynamical evolution and intuitively qualifies

as ‘background’, the physical degrees of freedom of the theory correspond to the geometrical

degrees of freedom – so Def. 10 is satisfied.

Indeed, even if the geometrical structures of the theory in question are coupled to the

non-geometrical structures via the equations of motion, Belot’s account faces difficulties. For

example, for a general relativistic theory in which gab is coupled to the Φ via (2.1.1) and

the dynamical equations for the Φ, there may in principle exist many distinct configurations

of the Φ for the same gab. To illustrate, consider coupled Einstein-Maxwell theory (i.e. GR

coupled to electromagnetism), KPMs of which are 〈M, gab, Fab〉, where Fab is the Faraday

tensor. DPMs of this theory are picked out by the Einstein field equations (2.1.1), and the

source-free Maxwell equations40

F ab
;b = 0, (3.5.1)

F[ab;c] = 0. (3.5.2)

Written in the notation of differential forms, (3.5.1) and (3.5.2) read, respectively

40These equations are constructed via the well-known minimal coupling scheme – for discussion, see [21].
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dF = 0, (3.5.3)

d ∗ F = 0, (3.5.4)

where ∗ is the Hodge operator. Taken together, (3.5.3) and (3.5.4) are formally invariant under

F ←→ ∗F. (3.5.5)

At the level of electric and magnetic fields,41 such a transformation can be written

Ei ←→ −Bi (3.5.6)

Bi ←→ Ei. (3.5.7)

This is an example of electromagnetic duality.42 Recalling that the stress-energy tensor of

electromagnetism reads

T ab = F acF b
c −

1

4
gabFcdF

cd, (3.5.8)

one may verify that (3.5.8) is invariant under (3.5.5). Thus, if 〈M, gab, Fab〉 is a DPM of this

theory with stress-energy tensor T ab associated to Fab, then so too is 〈M, gab, (∗F )ab〉, with

inequivalent Faraday tensor, but identical stress-energy tensor. Thus, even in GR, there exist

41Encoded in Fab – see e.g. [63, p. 556].
42For recent philosophical discussion, see [101, 108].
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scenarios in which different configurations of matter fields correspond to the same geometry

– thereby violating Belot’s definition of background independence.

In the first of the above cases, we have a situation in which Belot’s criterion for background

independence is satisfied; nevertheless, the theory does not intuitively count as background

independent. In the second case, we have a situation in which Belot’s criterion for background

independence is not satisfied in an intuitively background independent theory.

3.6 Close

In this chapter, we have discussed general covariance (§3.1), diffeomorphism invariance

(§3.2), and absolute objects (§3.3). Such background in hand, we then presented four defi-

nitions of background independence:

• Def. 5, in terms of the absence of absolute objects in a theory (§3.3.1).

• Def. 6, in terms of the absence of a theory formulation involving fixed fields (§3.4.1).

• Def. 8, in terms of variational principles (§3.4.2).

• Def. 10, in terms of matching geometrical and physical degrees of freedom (§3.5.2).

All four of these definitions face problems. In the following chapter, we embark upon an

in-depth application of the definitions to four classical spacetime theories. Our goal, in doing

so, is not only to provide a more concrete appraisal of the background independence of these

theories than has hitherto been achieved; but also to continue to assess the relative merits of

the above definitions, and the extent to which such problems may be overcome.
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Chapter 4

Classical Spacetime Theories

In this chapter, we evaluate four classical spacetime theories—Newtonian gravitation (§4.1.2),

Newton-Cartan theory (§4.1.3), teleparallel gravity (§4.2.2), and Kaluza-Klein theory (§4.3)—

with respect to the question of their background independence. In each case, we present

a comprehensive application and discussion of the definitions of background independence

presented in the previous chapter; many important points regarding both these definitions, and

the theories to which they are applied, emerge therefrom.

4.1 Newtonian Gravity and Newton-Cartan Theory

In the field formulation of Newtonian gravitation (NG),1 gravity is mediated by a potential; in

the presence of a (non-constant) gravitational potential, the matter distribution will change.2

NG is theoretically equivalent to another theory,3 known as Newton-Cartan theory (NCT). In

1Developed by Laplace and Poisson [67, p. 265].
2See §4.1.2. In fact, the precise sense in which this is so is underdetermined in NG – see footnote 17.
3In the sense of [141–143], i.e. that there exists an isomorphism between K̃1 of T1 and K̃2 of T2 such that

the empirical predictions corresponding to D̃1 ⊂ K̃1 are identical to the empirical predictions corresponding
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NCT, by contrast with NG, gravity is ‘geometrised’ in an approach similar to that of GR: the

geometrical properties of spacetime depend on the distribution of matter, and, conversely,

gravitational effects are manifestations of this geometry.

In this section, we first introduce in §4.1.1 the formal notion of a classical spacetime,

this being the setting for both NG and NCT. These theories we then discuss, respectively, in

§§4.1.2 and 4.1.3.4 Finally, in §4.1.4, we engage in an in-depth assessment of the background

independence of both of these theories.

4.1.1 Classical Spacetimes

Define a classical spacetime to be a quadruple 〈M, tab, h
ab,∇a〉, where M is a smooth four-

dimensional differentiable manifold; tab is a smooth, symmetric tensor field onM of signature

(1, 0, 0, 0); hab is a smooth, symmetric tensor field on M of signature (0, 1, 1, 1); ∇a is a

derivative operator on M ;5 and the following three conditions hold:

habtab = 0, (4.1.1)

∇atbc = 0, (4.1.2)

∇ah
bc = 0. (4.1.3)

We refer to (4.1.1) as an orthogonality condition, and (4.1.2) and (4.1.3) as compatibility

conditions.

D̃2 ⊂ K̃2.
4Much of our presentation follows [34, 46, 78].
5For the formal definition of such a derivative operator, see e.g. [78, p. 49].
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By the ‘signature’ of tab and hab is meant the following. The signature condition for tab

is the requirement that, at every p ∈ M , the tangent space has a set of four basis vectors ζ a
a

(a = 0, . . . , 3)6 such that tabζ a
a ζ b

b = 0 if a 6= b, and7

tabζ
a

a ζ b
a =


1 if a = 0

0 if a = 1, 2, 3.

(4.1.4)

Importantly, note that tab does not satisfy the non-degeneracy condition to be a metric – for

example, if the vectors ζ a
a are as above at some point p ∈ M , then tabζ a

1 = 0 at p, even

though ζ a
1 6= 0 [78, p. 250]. The signature condition for hab, similarly, is the requirement that,

at every point, the cotangent space has a basis σa
a (a = 0, . . . , 3) such that habσa

aσ
b
b = 0 if

a 6= b, and

habσa
aσ

a
b =


0 if a = 0

1 if a = 1, 2, 3.

(4.1.5)

Note that hab is not the inverse of a metric, i.e. there is no hab such that habhbc = δca .8

Let us now consider the interpretation of the tab, hab and ∇a in a classical spacetime.

Beginning with tab, this can be considered a ‘temporal metric’ – though, as we have seen,

strictly it does not satisfy the metric non-degeneracy condition. Given any vector θa at a

point p ∈ M , we can take its ‘temporal length’ to be
(
tabθ

aθb
)1/2. We further classify θa

6Thus far, sans serif indices are simply labels for basis vectors, though they acquire a greater significance in
§4.2.2. Note also that labelling of sans serif indices begins at 0 by convention; the reason for this shall become
apparent in §4.2.2.

7Here, no summation convention over sans serif indices is deployed.
8To see why, suppose that the σa

a are as above at some p ∈ M , so that habσ0
a = 0. Then, if there were

a tensor hab at that point such that habhbc = δca , it would follow that 0 = habh
bcσ0

c = δcaσ
0
c = σ0

a ,
contradicting the assumption that the σa

a form a basis for the cotangent space at p [78, p. 250].
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as either timelike or spacelike, depending on whether its temporal length is positive or zero,

respectively. It follows from the signature of tab that the subspace of spacelike vectors at any

point is three-dimensional [78, p. 250]. At any p ∈ M , we can find a covector ta, unique up

to sign, such that tab = tatb [78, pp. 250-251]. We say that a classical spacetime is temporally

orientable if there exists a continuous, globally-defined covector field ta that satisfies this

condition at every p ∈ M . Any such field ta is called a temporal orientation. A timelike

vector θa is future-directed relative to ta if taθa > 0; otherwise it is past-directed [78, p. 251].9

In the following, we restrict to temporally orientable classical spacetimes. Since in this

case tab can be constructed from ta, we accordingly denote classical spacetimes which satisfy

the temporal orientability condition by 〈M, ta, h
ab,∇a〉.10 For such spacetimes, (4.1.1) and

(4.1.2) can be written, respectively, [78, p. 251]

habtb = 0, (4.1.6)

∇atb = 0. (4.1.7)

From (4.1.7), it follows that ta is closed, i.e. ∇[atb] = 0. Hence, at least locally, it must

be exact, i.e. of the form ta = ∇at, for some smooth function t. We call any such function

t a time function [78, p. 251]. Call a hypersurface S ⊂ M spacelike if, at all p ∈ S, all

vectors tangent to S are spacelike; this is equivalent to the requirement that all time functions

be constant on S.11 We can think of spacelike hypersurfaces as ‘simultaneity slices’. If M is

9We understand a smooth curve to be timelike (respectively spacelike) if its tangent vectors are of this char-
acter at every point along the curve. Similarly, a timelike curve is understood to be future-directed (respectively
past-directed) if its tangent vectors are so at every point along the curve. [78, p. 251]

10If a classical spacetime admits one temporal orientation ta, then it also admits a second temporal orientation,
−ta [78, p. 251]. In cases in which we restrict attention to classical spacetimes that are temporally orientable,
we by convention select the temporal orientation with positive sign.

11A time function t is constant on S iff, given any vector θa tangent to S at some p ∈ S, θa∇at = 0. But
taθ

a = θa∇at, so the latter condition holds iff all vectors tangent to S are spacelike. [78, p. 252]
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simply connected, then there exists a globally defined time function [78, p. 252]. In that case,

spacetime can be decomposed into a one-parameter family of global simultaneity slices.

Now consider hab. Informally, this can be considered a ‘spatial metric’, though the details

of how hab assigns lengths to vectors are subtle. We cannot take the spatial length of a vector

θa to be
(
habθ

aθb
)1/2, because the latter is not well-defined (as we have seen, there does not

exist an hab such that habhbc = δac). If, however, θa is spacelike, then we can use hab to assign

a spatial length to it indirectly. The key proposition is the following: [78, p. 253]

Proposition 1. Let 〈M, ta, h
ab,∇a〉 be a classical spacetime. Then the following conditions

hold at all points p ∈M :

1. For all σa, habσb = 0 iff σa is a multiple of ta.

2. For all µa, µa is spacelike iff there is a σa such that habσb = µa.

3. For all σa and σ′a, if habσb = habσ′b, then habσaσb = habσ′aσ
′
b.

Proof: See [78, pp. 253-254].

Using Prop. 1, we can assign a spatial length to a spacelike vector θa by taking this to

be
(
habσaσb

)1/2, where σb is a vector such that habσb = θa [78, p. 254]. (2) guarantees the

existence of such a σa; (3) guarantees the irrelevance of the particular choice of σa [78, p. 254].

Finally, note that because hab is not invertible, we cannot raise and lower indices with it. We

can, however, raise indices: for example, if Ra
bcd is the Riemann curvature tensor associated

with∇a (see below), then we understand Rab
cd to be the field hbeRa

ecd [78, p. 256].

Now consider the derivative operator∇a in a classical spacetime 〈M, ta, h
ab,∇a〉. We first

present the following general result regarding derivative operators on M : [78, p. 51]

Proposition 2. Let ∇a and ∇′a be derivative operators on M . Then there exists a smooth
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symmetric tensor field Ca
bc on M satisfying, for all smooth tensor fields αa1...arb1...bs

on M :

(∇′c −∇c)α
a1...ar
b1...bs

= αa1...ardb2...bs
Cd

cb1
+. . .+αa1...arb1...bs−1d

Cd
cbs−α

da2...ar
b1...bs

Ca1
cd−. . .−α

a1...ar−1d
b1...bs

Car
cd

(4.1.8)

Conversely, given any derivative operator ∇a on M and any smooth symmetric tensor field

Ca
bc on M , if∇′a is defined by (4.1.8), then∇′a is also a derivative operator on M .

Proof: See [78, pp. 51-52].

In what follows, if∇′a and∇a are derivative operators on M that, together with the field Cb
cd ,

satisfy (4.1.8), then we shall, following Malament [78, p. 53], write ∇′a =
(
∇a, C

b
cd

)
. Now,

for a classical spacetime, the conditions (4.1.2) and (4.1.7) do not determine a unique ∇a. In

fact, we have the following result: [78, p. 256]

Proposition 3. Let 〈M, ta, h
ab,∇a〉 be a classical spacetime. Let ∇′a =

(
∇a, C

b
cd

)
be a new

derivative operator on M . Then∇′a is compatible with ta and hab iff Ca
bc is of the form

Ca
bc = 2hadt(bκc)d, (4.1.9)

where κab is a smooth, antisymmetric tensor field on M .

Proof: See [78, pp. 256-257].

It is also worth considering some properties of the Riemann tensor Ra
bcd associated to

∇a in a classical spacetime. As always (see e.g. [78, p. 69]), Ra
bcd satisfies the algebraic

relationsRa
b(cd) = Ra

[bcd] = 0. The conditions (4.1.2) and (4.1.7) further imply that taRa
bcd =
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R
(ab)

cd = 0 [78, p. 258]. It follows therefrom that if we raise all indices with hab, the resulting

fieldRabcd satisfiesRab(cd) = Ra[bcd] = R(ab)cd = 0; this in turn implies thatRabcd = Rcdab [78,

p. 258]. As usual, the Ricci tensorRab is defined asRab = Rc
abc. If, for the derivative operator

∇a associated to a classical spacetime, Ra
bcd = 0 at some p ∈ M , then we say that spacetime

is flat at p.12 Similarly, we say that a classical spacetime is spatially flat at some p ∈ M if

Rabcd = 0 at p. This is motivated by the following proposition: [78, p. 261]

Proposition 4. (Spatial flatness) Let 〈M, tab, h
ab,∇a〉 be a classical spacetime. Then the

following conditions are equivalent at every point p ∈M :

1. Rabcd = 0.

2. Rab = 0.

3. Rab = t(aϕb) for some ϕa.

Furthermore, given any spacelike hypersurface S ⊂ M , these conditions hold throughout S

iff parallel transport of spacelike vectors within S is, at least locally, path independent.

Proof: See [78, pp. 261-262].

Prop. 4 will prove important in our discussions of NCT in §4.1.3. It is worth noting that

intermediate between the curvature conditions Ra
bcd = 0 and Rabcd = 0 is the condition

Rab
cd = 0. This holds throughout M iff parallel transport of spacelike vectors along arbitrary

curves is, at least locally, path independent [78, p. 263].13

To close this subsection, let us make some comments on the physical interpretation of clas-

sical spacetimes. Following Malament [78, p. 252], we introduce the following interpretive
12Since this condition holds iff parallel transport of vectors on M relative to ∇a is, at least locally, path-

independent – violations of which constitute the definition of spacetime curvature.
13Here we still restrict attention to spacelike vectors, but consider their transport along arbitrary curves in M ,

rather than just curves confined to a particular spacelike hypersurface S ⊂M .
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principles.14 For all smooth curves γ : I →M :15

• γ is timelike if its image γ [I] could be the worldline of a point particle.

• γ can be reparameterised so as to be a timelike geodesic (with respect to ∇a) iff γ [I]

could be the worldline of a free point particle.

• Clocks record the tab-length of their worldlines.

If a particle has the image of a timelike curve as its worldline, then we call the tangent field

ξa of that curve the four-velocity field of the particle, and call ξb∇bξ
a its four-acceleration

field. If the particle has a mass m, then its four-acceleration field satisfies

F a = mξb∇bξ
a, (4.1.10)

where F a is a spacelike vector field (on the image of its worldline) that represents the net force

acting on the particle. This is the generalised form of Newton’s second law for NG and NCT.

4.1.2 Newtonian Gravity

In the four-dimensional, field-theoretic formulation of NG, models are specified as tuples

〈M, ta, h
ab,∇a, ϕ,Φ〉. The first four elements of this tuple represent classical spacetime struc-

ture, as per §4.1.1. In addition, however, two new elements are introduced in NG: a real scalar

14If these principles are taken as fundamental postulates, then the advocate of the dynamical approach to
spacetime theories (developed by Brown [19]), according to which spacetime structure is a codification of cer-
tain dynamical properties of matter fields, may demur. Any tension between the following postulates and the
dynamical approach is, however, illusory, for the advocate of the dynamical approach may simply regard such
points as non-fundamental facts, which can be given some further dynamical explanation.

15I is an open interval in R.
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field ϕ, which represents the gravitational potential, and Φ, which is a placeholder for the

matter fields of the theory. In NG, one imposes flatness of∇a via the field equation16

Ra
bcd = 0. (4.1.11)

A second field equation of NG is Poisson’s equation,

hab∇a∇bϕ = 4πρ. (4.1.12)

The mass density function ρ is associated to the Φ in a manner parallel to the relationship

between the stress-energy tensor Tab and the matter fields in relativistic spacetime theories.17

Finally, the gravitational force on a point particle of massm is given by−mhab∇bϕ. It follows

from (4.1.10) that if the particle is subject to no forces except gravity, and if it has four-velocity

16On this way of imposing the flatness of ∇a in NG, the theory is akin to SR2 – in which flatness of the
spacetime metric is imposed dynamically via (3.2.4) [104, p. 18]. As we have seen, there exists a theory, SR1,
corresponding to SR2, in which the spacetime metric is fixed to be the Minkowski metric ηab in all KPMs of
the theory (i.e. kinematically, rather than dynamically); in SR1, unlike SR2, the spacetime metric is a fixed field.
Given existence of such a theory SR1 corresponding to SR2, it should be possible to construct an analogous
theory to the above formulation of NG, in which ∇a is fixed to be flat in this sense. In either case, however, we
would expect such fixing of the flatness of∇a in NG to mean that there exists background structure in the theory;
to this issue we return in §4.1.4. Relatedly, one might question why the SR2-type formulation of NG should be
taken as the default presentation, rather than the SR1-type formulation. The most straightforward answer to this
question is that the former presentation renders most explicit the parallels between NG and NCT, discussed in
§§4.1.3 and 4.1.4.

17Two points are in order here. First, just as it is a mistake in GR to conflate the matter fields Φ and their
associated stress-energy tensor Tab (cf. footnote 7 in §2.1), it is a mistake to conflate the matter fields Φ of NG
and their associated mass density function ρ. This leads to the second point: The mass density function ρ in
NG, as with the stress-energy tensor of GR, affords only a partial description of the associated matter fields Φ
(cf. §3.5.4). For instance, ρ omits information on the velocity field of matter in the theory. (We might then say
that while in GR Tab is partial and non-fundamental (since it may be given a closed-form expression in terms of
the matter fields of the theory), in NG ρ is partial and fundamental.) As Dewar observes, this particular omission
leads to a pernicious (and, until recently, largely unnoticed) indeterminism in NG – see [32, p. 4].

49



ξa, then it satisfies

−∇aϕ = ξb∇bξ
a. (4.1.13)

4.1.3 Newton-Cartan Theory

In NCT, the gravitational potential ϕ in NG is absorbed into the derivative operator∇a, which

is accordingly rendered partly dynamical, and hence generically curved.18 Models of NCT

are therefore specified by tuples 〈M, ta, h
ab,∇a,Φ〉. The conversion from models of NG to

models of NCT proceeds via Trautman’s geometrisation theorem [132]:19

Theorem 1. (Geometrisation theorem) Let 〈M, ta, h
ab,∇a〉 be a classical spacetime with

∇a flat (Ra
bcd = 0). Further, let ϕ and ρ be smooth real-valued functions on M satisfying

Poisson’s equation hab∇a∇bϕ = 4πρ. Finally, let ∇̂ = (∇a, C
a
bc), with Ca

bc = −tbtc∇aϕ.

Then all of the following hold:

1. 〈M, ta, h
ab, ∇̂〉 is a classical spacetime.

2. ∇̂ is the unique derivative operator on M such that, for all timelike curves on M with

four-velocity field ξa,

ξb∇̂bξ
a = 0 ⇐⇒ ξb∇bξ

a = −∇aϕ (4.1.14)

3. The curvature field R̂a
bcd associated with ∇̂ satisfies:

18We say partly, for the NCT curvature conditions (4.1.16) and (4.1.17) (discussed below), as well as the
compatibility conditions (4.1.2) and (4.1.7), imply that not all degrees of freedom associated to the derivative
operator ∇a of NCT are subject to dynamical evolution.

19This version due to Malament [78, pp. 267-268].
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R̂bc = 4πρtbtc (4.1.15)

R̂a c
b d = R̂c a

d b (4.1.16)

R̂ab
cd = 0 (4.1.17)

Proof: See [78, pp. 268-269].

It follows from (4.1.14) that particles subject to a gravitational force in NG—and thereby

exhibiting geodesic deviation with respect to ∇a—exhibit geodesic motion with respect to

∇̂a. (4.1.15) is the geometrised version of Poission’s equation; (4.1.16) holds throughout M

iff parallel transport of spacelike vectors in M is, at least locally, path independent; (4.1.17)

holds in a classical spacetime iff this admits, at least locally, a smooth, unit timelike field ξa

that is geodesic (ξb∇bξ
a = 0) and twist-free (∇[aξb] = 0) [78, p. 281].20 We see from Prop. 4

that (4.1.15) implies spatial flatness. As Malament writes of this latter result: [78, p. 262]

This is striking. It is absolutely fundamental to the idea of geometrised Newtonian

theory that spacetime is curved (and gravitational is just a manifestation of that

curvature). Yet the basic field equation of the theory itself rules out the possibility

that space is curved.

With these points in mind, let us now consider the reverse translation, from NCT to NG.

This proceeds via Trautman’s recovery theorem (presented in [132]):21

20There exists an alternative formulation of NCT due to Künzle [72, 73] and Ehlers [39], in which (4.1.17) is
dropped. The motivation for doing so is that this appears to be necessary in order for NCT to qualify as a limiting
version of GR [78, pp. 270-271]. In this thesis, we focus on the formulation of NCT due to Trautman [132],
which includes (4.1.17), since in this case a full translation between NG and NCT is possible. In the Künzle-
Ehlers version of NCT, only a translation between NCT and a generalised form of NG is attainable. (In this
generalised version of NG, the gravitational force acting on a particle of unit mass is given by a vector field, but
it need not be of the form∇aϕ; in addition, field equations involve a ‘rotation field’, ωab [78, pp. 270-271].)

21This version due to Malament [78, pp. 274-275].
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Theorem 2. (Recovery theorem) Let 〈M, ta, h
ab,∇a〉 be a classical spacetime satisfying:

Rab = 4πρtatb (4.1.18)

Ra c
b d = Rc a

d b (4.1.19)

Rab
cd = 0 (4.1.20)

for some smooth scalar field ρ on M . Then given any point p ∈ M , there is an open set O

containing p, a smooth scalar field ϕ on O, and a derivative operator ∇̃ on O such that all

the following hold on O:

1. ∇̃a is compatible with ta and hab.

2. ∇̃a is flat.

3. For all timelike curves with four-velocity fields ξa,

ξb∇bξ
a = 0 ⇐⇒ ξb∇̃bξ

a = −∇̃aϕ. (4.1.21)

4. ∇̃a satisfies Poisson’s equation hab∇̃a∇̃bϕ = 4πρ.

The pair 〈∇̃, ϕ〉 is not unique. A second pair 〈∇̃′, ϕ′〉, defined on the same open set O, will

satisfy the stated conditions iff:

A. ∇a∇b (ϕ′ − ϕ) = 0

B. ∇̃′ =
(
∇̃, C ′abc

)
, where C ′abc = tbtc∇a (ϕ′ − ϕ).

52



Proof: See [78, pp. 275-277].

Thm. 2 tells us that if ∇a arises as the geometrisation of the pair 〈∇̃a, ϕ〉, then, for any

field ψ such that ∇a∇bψ = 0, it also arises as the geometrisation of the pair 〈∇̃′a, ϕ′〉, where

ϕ′ = ϕ+ψ, and ∇̃′a =
(
∇̃a, tbtc∇dψ

)
. As Malament points out [78, p. 278], this observation

captures the fact that, in NG, the gravitational force on a particle is determined only up to a

factor of m∇aψ, where ∇aψ is constant on any one spacelike hypersurface, but can change

over time. We return to this observation in §4.1.4.

4.1.4 Background Independence

Newtonian Gravitation

So much for the formal differences between NG and NCT. What, then, of their background

independence? To begin, consider ∇a in NG. As presented in §4.1.2, flatness of ∇a in NG is

imposed dynamically, via (4.1.11). It would, however, also be possible to impose flatness at

the level of KPMs, by restricting such models to those in which ∇a is flat.22 Though a naı̈ve

approach to background independence23 might deliver the verdict that ∇a counts as back-

ground structure in this ‘fixed field’ formulation of NG, but not in the formulation presented

in §4.1.2, more sophisticated accounts of background independence such as Def. 5 and Def. 6

deliver the correct verdict that∇a counts as background structure in either case.24

With this in mind, turn now in earnest to whether NG is background independent. This

theory is sometimes cited as a paragon of background dependence; and, indeed, it is easy to see

22Cf. footnote 16.
23Such as the equation of this notion with the absence of fixed fields – see §3.2.4.
24Relatedly, consider the possibility of an alternative formulation of NG (or, for that matter, NCT), in which

the conditions (4.1.1)-(4.1.3) are imposed dynamically, via field equations. Doing so has specific unattractive
consequences, for (unlike e.g. gab in SR2), there exists no natural ‘physical’ interpretation of KPMs where, e.g.,
the compatibility of the spatial and temporal metrics is violated. In turn, this raises the question of whether there
even exists an analogue of SR2 for these theories.
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why: both hab and ta are fixed fields which, in a Lagrangian formulation of NG, would not be

subject to Hamilton’s principle. Due to the presence of such fields, NG violates Def. 6; due to

their non-variational status, NG also violates Def. 8; since such fields qualify as Andersonian

absolute objects, NG violates Def. 5.

The existence of such fixed fields leads to there being multiple distinct configurations of

the fields 〈ϕ,Φ〉 corresponding to the same classical spacetime 〈M, ta, h
ab,∇a〉 – which we

take to represent geometrical structure in the models of NG.25,26 Thus, in Belot’s language

(§3.5.1), the number of physical degrees of freedom of the theory exceeds the number of

geometrical degrees of freedom, so NG does not satisfy Def. 10.

While it is straightforward to issue the above verdict on NG, the situation regarding Belot’s

account is, in fact, rather delicate. First, one must consider whether NG satisfies Belot’s

Def. 9, of full background dependence. Recall from Prop. 3 that the derivative operator ∇a

of NG is not unique; thus, there exist models of the theory with the same 〈ϕ,Φ〉, but set in

classical spacetimes differing in their derivative operators. In more detail: for a given DPM

of NG 〈M, tab, h
ab,∇a, ϕ,Φ〉, 〈M, tab, h

ab,∇′a, ϕ,Φ〉 is also a DPM of NG, where ∇′a =(
∇a, C

b
cd

)
, Ca

bc = 2hadt(bκc)d, and ∇[aκb]c = 0.27,28 A schematic response to this result is

the following: ‘The geometries of such models (are/are not) equivalent, and the models [do/do

not] exhibit gauge redundancy’. Since, however, it is not plausible to understand such models

as having equivalent geometries yet as not being gauge equivalent (since these models are

identical in all other respects), we turn now to the other three possibilities.

First, suppose that the geometries of such models are equivalent, and the models are con-

25On the form of NG presented above, while ta and hab are fixed in all KPMs,∇a is equivalent up to isomor-
phism across DPMs (up to transformations of the form discussed below) – cf. footnote 13 of §3.2.4.

26Below, we modify our assumption that 〈M, ta, h
ab,∇a〉 constitutes geometrical structure in a model of NG.

27One uses (4.1.8) to show that (4.1.12) is invariant under this change of derivative operator; to show that
(4.1.11) is also invariant, it is convenient to use R′abcd = Rabcd + 2∇[cC

a
d]b + 2Ceb[cC

a
d]e (see [78, p. 70]),

where R′abcd is the Riemann tensor associated to∇′a.
28Imposing flatness of∇a at the level of KPMs (as discussed above) does not dissolve this multiplicity, unless

one restricts at the level of KPMs to one such choice of∇a.
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sidered gauge equivalent. In that case, in this regard, to each physical configuration, there

corresponds a unique geometrical configuration – so such a redundancy does not inhibit NG’s

being background independent on Belot’s account.29 Second, suppose that the geometries of

such models are not equivalent, and the models are not considered gauge equivalent. Then,

it is still the case that (in this regard) each distinct model corresponds to a unique geometry,

so again, the background independence of NG on Belot’s account is not threatened.30 Third,

consider the possibility that such geometries are not equivalent, but the models in question are

gauge equivalent.31 In that case, Def. 10 is straightforwardly not satisfied. Thus, on this latter

view, there exists an additional sense in which NG violates Def. 10.

On the second and third interpretive routes above, that the geometrical objects of the theory

(and in particular ∇a) may be inequivalent across DPMs means that it is not the case that

there are no geometrical degrees of freedom in the theory. Therefore, it appears on such

interpretations that one cannot regard NG as fully background dependent, on Def. 9.

Indeed, a similar point arises out of a second (more familiar) multiplicity in the models

of NG. To see this, recall from Thm. 2 that for a given model with derivative operator and

gravitational potential 〈∇a, ϕ〉,32 there exists a class of other models of NG with 〈∇′a, ϕ′〉—

where ϕ′ = ϕ + ψ; ∇′a =
(
∇a, tbtc∇dψ

)
; and ψ is a field such that ∇a∇bψ = 0—which

correspond to the same model of NCT. This being so, it is argued in e.g. [68,78,141] that it is

plausible to understand these as being gauge equivalent.33

29Though recall that the background independence of NG according to Def. 10 fails for other reasons – namely,
that hab and ta are fixed across all models.

30Though see footnote 29.
31Such a view may be defensible on the interpretational approach to symmetries, but, absent some story

regarding how such models with inequivalent geometries can be gauge equivalent, is not immediately defensible
on the motivational approach (cf. §2.2). Note also that if one takes ‘equivalent geometries’ to mean physically
equivalent geometries, then it is questionable whether two gauge-equivalent models can possess inequivalent
geometries – in which case, this third option is excluded.

32Having selected such a derivative operator, as per the above discussion.
33On this multiplicity of models in NG, Malament points out at [78, p. 279] that if we are dealing with a

bounded mass distribution—i.e. if ρ has compact support on every spacelike hypersurface—and moreover if we
require that the gravitational field die off as one approaches spatial infinity, then the multiplicity disappears. The
reason for this is that if ∇aψ is constant on spacelike hypersurfaces and goes to zero at spatial infinity, then it
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In this case, we face the same four interpretive options as above. First, to regard such

classes of models as having equivalent geometries yet not being gauge equivalent is now a live

option, since the ϕ field now differs from model to model within such classes. As above, one

may also argue that such models have inequivalent geometries, but are gauge equivalent. In

either case, the biconditional of Def. 10 is violated, so such an interpretation again yields a

further sense in which NG is not background independent, on Belot’s definition. Alternatively,

if one regards all such models as having equivalent geometries and as being gauge equivalent

(à la [78, p. 278], [141, §6]); or as having inequivalent geometries and as not being gauge

equivalent (à la [14, p. 4]), then this multiplicity of models does not give rise to further road-

blocks to NG being background independent, on Def. 10. Again, however, any interpretation

here on which the derivative operators are not equivalent across models results in it not being

the case that there are no geometrical degrees of freedom in NG – thereby posing problems

for any attempt to understanding this theory as fully background dependent, as per Def. 9.

The intricacies regarding the interplay between NG and Belot’s account do not end here.

Consider now Knox’s suggestion that “the spacetime structure of NG is represented not by the

flat ... connection usually made explicit in formulations, but by the sum of the flat connection

and the gravitational field” [68, p. 863]. If one takes this seriously, then one must understand

the geometrical structure in models of NG to be picked out not by 〈M, tab, h
ab,∇a〉, but by

〈M, tab, h
ab,∇a, ϕ〉. Given such a tuple, a unique ρ is picked out via (4.1.12); moreover, given

a different tuple 〈M, tab, h
ab,∇′a, ϕ′〉, the same ρ is picked out, via the above reasoning. If

one understands such models to have equivalent geometries,34 and to be gauge-equivalent,35

then it is clear that NG does satisfy Def. 10.36

must vanish everywhere. Thus, by imposing such boundary conditions, this multiplicity collapses, and cannot
further threaten the background independence of NG according to Def. 10.

34Which is plausible, if, with Knox, one considers only the sum of contributions from a given 〈∇′a, ϕ′〉 to be
physical [67, p. 870].

35Which, as mentioned above, is a mainstream position.
36Throughout this section, we set aside further complications regarding the ‘pernicious indeterminism’ of

footnote 17.
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This result is important, for intuitively it is the incorrect verdict – the reason being that

in every model of NG, hab and tb remain fixed. The problem stems from the fact that Belot’s

programme does not adequately account for the possibility of multiple geometric objects in

a theory being counted as geometrical structure in the sense of §3.5.1.37 To overcome this

problem, a caveat must be added to Belot’s account: If multiple geometric objects in the theory

are considered to be geometrical structure, they must all be inequivalent in all non-gauge

equivalent models of the theory. Thus, we see that NG presents a novel and concrete problem

case for Belot’s account, which can be used to tune the programme.

Our verdict on the background independence of NG is, then, as follows: While the theory

violates Def. 5, Def. 6, and Def. 8, a number of subtleties inhibit a clear-cut conclusion on

NG’s satisfaction of Def. 9. These results in hand, let us close by turning to whether NG is

diffeomorphism invariant on Def. 3. The straightforward answer here is no, for, treating hab

as a fixed field and performing an arbitrary smooth coordinate transformation on (4.1.12), one

extracts the condition for the associated transformation matrix Ma
b ,

Ma
cM

b
dh

cd = hab. (4.1.22)

Newton-Cartan Theory

This discussion of NG in hand, turn now to NCT. Since in this theory, gravitation is ‘ge-

ometrised’ in a manner similar to GR, one might expect NCT also to be background indepen-

dent. This, however, is not the case, for both hab and ta remain fixed. While ∇a is rendered

partly dynamical,38 such fixing of the geometrical objects of NCT renders the theory back-

37Below, we find the same result in the case of NCT. This is not surprising, for classes of models of NG
differing in 〈∇a, ϕ〉 correspond to the same model of NCT (cf. §4.1.3).

38But still not fully, in light of curvature conditions (4.1.16) and (4.1.17) and metric compatibility (4.1.2) and
(4.1.7) – cf. footnote 18.
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ground dependent, on Def. 5, Def. 6, and Def. 8.

It might, in addition, be tempting to state that such fixing of the geometrical objects of

NCT renders the theory background dependent on Belot’s account. This, however, is not

correct. Recall that for full background independence, Belot requires a one-one match between

the geometrical degrees of freedom of the theory—which here parameterise the difference

between tuples 〈tb, hab,∇a〉 across models—and the physical degrees of freedom—which here

parameterise the difference between tuples 〈tb, hab,∇a,Φ〉 across gauge inequivalent models.

However,39 since the Ricci tensor associated to the derivative operator∇a and the mass density

function ρ of the matter fields Φ are coupled via the field equation (4.1.15), on Belot’s account

it turns out that there does exist a unique geometry corresponding to each distinct physical

configuration – meaning that NCT does satisfy Def. 10.

As in the case of NG, the above is an intuitively incorrect result. However, by introducing

the above-mentioned caveat that, if multiple geometric objects in the theory are considered to

be geometrical structure, they must all be inequivalent in all non-gauge equivalent models of

the theory, one may circumvent this verdict.

Let us close with two comments. First, the non-uniqueness of the derivative operator ∇a

in a classical spacetime (c.f. §4.1.1) may—depending on one’s interpretation—threaten the

background independence of NCT in exactly the same manner as in the case of NG, discussed

above. Second, unlike NG, NCT is diffeomorphism invariant on Def. 3, for the dynamical laws

of the theory (4.1.15)-(4.1.17) are invariant under arbitrary smooth coordinate transformations.

39Modulo concerns analogous to those regarding GR, as presented in §3.5.4. Cf. also footnote 36.
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4.2 General Relativity and Teleparallel Gravity

NCT is the geometrised theory of gravity associated with the force theory NG. The theoret-

ical equivalence40 between NG and NCT raises the question: Does there exist a force theory

associated to GR? As Knox states, it appears that the answer here is yes, the theory in ques-

tion being teleparallel gravity (TPG) [67, §2]. In TPG, the Levi-Civita connection of GR,

which has curvature but no torsion, is replaced with a Weitzenböck connection, with torsion

but no curvature. In this section, we review the details of GR (§4.2.1) and TPG (§4.2.2). We

then present explicit translation theorems relating the two theories, in the style of §4.1.3. This

done, we assess in §4.2.3 the background independence of TPG. Given the analogy between

NG and NCT, and TPG and GR, it is natural to ask: Is the pattern of judgements regarding the

background independence of NG and NCT preserved in the case of TPG and GR?

4.2.1 General Relativity

Let us recall the essential details of GR.41 First, define a relativistic spacetime to be a pair

〈M, gab〉, where M is a four-dimensional differentiable manifold, and gab is a Lorentzian

metric field on M . Associated to 〈M, gab〉, there exists a unique derivative operator ∇a,

which is: (i) torsion free—in the sense that the associated torsion tensor T abc , defined through

T abcX
bY c = ∇bX

bY a − Xa∇bY
b − [X, Y ]a, vanishes—and (ii) metric compatible – in the

sense that ∇agbc = 0. Given the uniqueness of this derivative operator, ∇a is not included in

models of GR, which are denoted by triples 〈M, gab,Φ〉, where Φ is again a placeholder for the

matter fields of the theory.42 The dynamical equations of GR are the Einstein field equations,

(2.1.1), plus dynamical equations associated to the matter fields.43

40See footnote 3.
41See also §2.1.
42Clearly, the existence of such a unique derivative operator is in contrast with NG and NCT, for which we

saw in §§4.1.2 and 4.1.3 that no unique such operator exists.
43Cf. footnote 8 of §2.1.
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4.2.2 Teleparallel Gravity

Tetrad Fields

Knox claims that TPG is to GR what NG is to NCT [67, §2].44 To present TPG, we must

first define a tetrad field. Suppose that at some p ∈ M , we are working within the constraints

of a coordinate basis for the tangent space TpM at p. Generically, such coordinates will not

be orthogonal. Nevertheless, at each p ∈ M we can always find an orthonormal basis for

TpM : for every p ∈M , TpM has a set of four basis vectors h a
a (a = 1 . . . 4) such that

gabh
a

a h
b

a =


+1 if a = 1

−1 if a = 2, 3, 4

(4.2.1)

and gabh a
a h

b
b = 0 if a 6= b. In other words, at each p ∈ M , we can always find a set of four

basis vectors h a
a for TpM such that

gabh
a

ah
b
b = ηab. (4.2.2)

With this in mind, define a tetrad field haa to be a set of four vector fields which at each

p ∈ M provide such an orthonormal basis for TpM . In (4.2.2) and what follows, (a,b, . . .)

are understood to be indices in an orthonormal basis provided by the tetrad field. Importantly,

it follows as a lemma from (4.2.2) that45

44Although ‘teleparallel gravity’ can be used to refer to a family of theories using the Weitzenböck connection,
the variant discussed here reproduces the results of GR exactly.

45To prove (4.2.3), consider ηabh
a
ah

b
bh
b
c = ηabh

a
aδ

b
c = ηach

a
a = hca = gabh

b
c; cancelling the hbc yields

the result. To prove (4.2.4), simply raise the b index in (4.2.3).
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ηabh
a
ah

b
b = gab (4.2.3)

ha
ah

b
a = δba. (4.2.4)

The Weitzenböck Derivative and Teleparallel Gravity

Given a tetrad field, we define the components Γ̄ρµν of the so-called Weitzenböck derivative

∇̄a to be [7, p. 3]

Γ̄ρµν := hρa∂νh
a
µ. (4.2.5)

∇̄a is the derivative operator of TPG. This in hand, we declare that KPMs of TPG are triples

〈M,ha
a,Φ〉, where ha

a is a tetrad field on M , and, as before, Φ is a placeholder for the

matter fields of the theory. Analogously with GR (and in contrast with NG and NCT), the

Weitzenböck derivative ∇̄a is not included as a separate element in the model, for, given a

tetrad field ha
a, there exists a unique such operator, defined via (4.2.5).

Non-Uniqueness of the Tetrad Fields

For any p ∈ M , the set of tetrad fields ha
a for TpM is not unique. In fact, (4.2.2) only

determines the tetrad field up to local Lorentz transformations [1, p. 13]. To see this, suppose

that there exists another tetrad field h′aa, also satisfying (4.2.2). Contracting both sides of
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(4.2.3) within h′ ac h
′ b
d and using (4.2.2) in terms of h′aa, we obtain

ηabh
′ a
c h

a
a h
′ b
d h

b
b = ηcd. (4.2.6)

Defining M b
a := h′ aa h

b
a , we have

ηabM
a

c M b
d = ηcd, (4.2.7)

so the M b
a satisfy the definition of Lorentz matrices. Rearranging the definition of M b

a , we

have

h′
a
a = Ma

bh
b
a. (4.2.8)

Thus, any field h′aa which differs from a tetrad field ha
a by a Lorentz transformation will also

be a tetrad field. Considering geometrical objects of TPG such as Γ̄ρµν and T̄ ρµν ,46 it is then

straightforward to verify that such objects are invariant under such Lorentz transformations of

tetrad indices [1, p. 13].47

46T̄ ρµν is the torsion tensor (defined in §4.2.1) associated to ∇̄a; this object should not be conflated with the
stress-energy tensor of TPG, discussed below.

47Γ̄′
ρ
µν = h′

ρ
a∂νh

′a
µ =

(
MTM

) b
a h

ρ
b∂νh

a
µ = δ b

a hρb∂νh
a
µ = hρa∂νh

a
µ = Γρµν . Since T̄ ρµν is defined

directly from Γ̄ρµν , this object, and in turn the force and field equations of TPG ((4.2.21) and (4.2.29) – dis-
cussed in §4.2.2), are invariant under such transformations. Indeed, as stated at [1, p. 13], all spacetime-indexed
quantities in TPG should be so invariant.
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The Levi-Civita Derivative

In presentations of TPG, reference is sometimes made to the Levi-Civita derivative. The

referent of this term should, however, be made explicit, for unlike GR, no Lorentzian metric

gab is fundamental in TPG. To do so, first recall that, generically, the coefficients Γρµν of the

Levi-Civita derivative are given by

2gσρΓ
ρ
µν = ∂µgσµ + ∂µgσν − ∂σgµν . (4.2.9)

Using (4.2.3), the right hand side of (4.2.9) can be expressed in terms of the tetrad field as

2gσρΓ
ρ
µν = ηabh

b
µ∂νh

a
σ + ηabh

a
σ∂νh

b
µ + ηabh

b
ν∂µh

a
σ+

ηabh
a
σ∂µh

b
ν − ηabh

b
ν∂σh

a
µ − ηabh

a
µ∂σh

b
ν . (4.2.10)

(4.2.10) can be considered a definition of the components of the Levi-Civita derivative in

TPG in terms of the tetrad field.48 Given this, it is useful to compute the difference of the

components of the Weitzenböck and Levi-Civita derivatives; we find

Γ̄ρµν − Γρµν = Kρ
µν , (4.2.11)

48Strictly, for this to be a definition one should also rewrite the gσρ on the left hand side of (4.2.10) in terms
of the tetrad field, via (4.2.3).
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where Kρ
µν is the so-called contortion tensor [7, p. 3], defined as

Ka
bc =

1

2

(
T̄ a
b c + T̄ a

c b − T̄ abc
)
. (4.2.12)

The Teleparallel Force Law

TPG is supposed to be “a gauge theory for the translation group” [7, p. 1]. In order to imple-

ment this, first consider a frame in which ha
µ = ∂µx

a;49 then augment the tetrad field with an

extra term Ba
µ : [93, §3.1]

ha
µ = ∂µx

a +Ba
µ . (4.2.13)

Inspired by this decomposition, one then considers a translation of the tangent space coordi-

nates, xa → xa + ∆a, under which, generically, we can write Ba
µ → B′aµ. After such a

transformation, the tetrad field becomes

ha
µ → h′

a
µ = ∂µx

a + ∂µ∆a +B′
a
µ. (4.2.14)

Under what circumstances does h′aµ, as with ha
µ, satisfy the definition of the tetrad field

(4.2.2)? This result holds just if

Ba
µ → B′

a
µ = Ba

µ − ∂µ∆a. (4.2.15)

49This is possible locally in light of (3.4.4). Indeed, the analogue between (3.4.4) and (4.2.3) highlights the
close connection between tetrad fields and clock fields.
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In the formulation of TPG under consideration here, we stipulate that Ba
µ has such trans-

formation properties under a change xa → xa + ∆a; we then see that the tetrad field ha
µ is an

invariant object under such transformations [1, p. 38].50 Inspired by (4.2.15), it is natural to

view TPG as an Abelian gauge theory of the translation group. With this in mind, we define

an Abelian field strength tensor [7, p.2]

F a
µν := ∂µB

a
ν − ∂νBa

µ (4.2.16)

= ∂µh
a
ν − ∂νha

µ; (4.2.17)

the second line here follows using (4.2.14). Now, in a coordinate basis, the definition of

the torsion tensor (see §4.2.1) reads T λµν = Γλµν − Γλνµ. In the case of the Weitzenböck

connection, we hence have

T̄ λµν = Γ̄λµν − Γ̄λνµ

= h λ
a ∂νh

a
µ − h λ

a ∂µh
a
ν . (4.2.18)

50In this language, ha
µ is gauge-invariant [1, p. 38], pace Knox [67, p. 273]. As a consequence, Knox’s

further claim that “the tetrad field is defined only up to a local gauge transformation, and this gauge freedom
passes onto the connection defined in terms of the tetrads” [67, p. 273] is also incorrect. While it is possible
that Knox has in mind here the non-uniqueness of the tetrad field discussed in §4.2.2, there also exist problems
on this reading. First, while it may also be plausible to treat such Lorentz transformations of the tetrad fields
as gauge transformations, it is confusing to run together these two possible senses of gauge transformation in
TPG without qualification. Second, even putting this aside, the claim that “this gauge freedom passes onto the
connection defined in terms of the tetrads” is incorrect, for we have seen that the components of the Weitzenböck
derivative are formally invariant under such a transformation.

65



Multiplying through by hb
λ, it follows that

ha
λT̄

λ
µν = ∂µh

a
ν − ∂νha

µ, (4.2.19)

wherefrom we obtain the result

F a
µν = ha

λT̄
λ
µν . (4.2.20)

As in §4.1, defining a particle 4-velocity to be ξa, and recalling that the Lorentz force law51

in covariant notation reads ξa∇aξ
b = F b

a ξ
a,52 we define by analogy the force law of TPG to

be

ξa∇̄aξb = ξaF
a
ba ξ

a

= ξah
a
cT̄

c
ba ξ

a

= ξcT̄cba ξ
a. (4.2.21)

This equation predicts torsion-dependent deviations away from the geodesics of the Weitzenböck

connection.
51Itself associated to the Abelian gauge theory of electromagnetism.
52Having set q = m = 1, where q is the charge of the particle in question and m is its mass.
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Field Equations

Finally, we turn to the field equations of TPG – i.e., the analogue of the Einstein equations

(2.1.1) in the theory. These equations—derivable from an action principle53—read: [7, p. 4]

∂σ (hS σρ
a )− 4π (hj ρ

a ) = 0, (4.2.22)

with54

h = det
(
ha

µ

)
, (4.2.23)

hj ρ
a = − 1

4π
hh λ

a S
νρ

µ T̄ µνλ + h ρ
a LG, (4.2.24)

Sρµν =
1

2

(
Kµνρ − gρνT̄ σµσ + gρµT̄ σνσ

)
, (4.2.25)

LG =
h

16π
SρµνT̄ρµν . (4.2.26)

Using the definition of the components of the Weitzenböck connection (4.2.5), we can write

(4.2.22) as55

∂σ (hS σρ
λ )− 4π (ht ρ

λ ) = 0, (4.2.27)

53The relevant gravitational Lagrangian in TPG is LG, defined at (4.2.26).
54hj ρ

a is related to gravitational energy-momentum in TPG – for details, see [7, p. 4].
55t ρ

λ is a pseudotensor encoding gravitational energy-momentum in TPG; there are thus clear and interesting
parallels with the gravitational energy-momentum pseudotensor in GR (for some philosophical discussion of this
object, see [55, 74, 97]).
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with

ht ρ
λ =

h

4π
Γ̄µνλS

νρ
µ + δ ρ

λ LG. (4.2.28)

This is equivalent to the vacuum field equations of GR, Rab = 0 [7, p. 5]. Analogously, in the

presence of matter, the field equations of TPG become

∂σ (hS σρ
λ )− 4π (ht ρ

λ ) = 4π (hT ρ
λ ) . (4.2.29)

This is equivalent to the Einstein field equations of GR with matter, (2.1.1) [7, p. 6].

Inter-Theory Translations

The above in hand, we are ready to prove geometrisation and recovery theorems, to translate

from TPG to GR and vice versa (respectively). We begin with the geometrisation theorem.

Theorem 3. (Geometrisation Theorem, TPG) Let M̄ = 〈M,ha
µ,Φ〉 be a model of TPG,

for which the field equations (4.2.29) hold, and let ∇̄a be the unique Weitzenböck derivative

associated to M̄. Then all of the following hold:

1. There exists a unique metric field gab and associated Levi-Civita derivative ∇a which

can be constructed from ha
µ via (4.2.2) and (4.2.10), respectively.

2. ∇a is the unique derivative operator on M such that, for all timelike curves on M with

four-velocity field ξa,

ξb∇bξ
a = 0 ⇐⇒ ξa∇̄aξb = ξcT̄cba ξ

a. (4.2.30)
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3. The curvature fieldRa
bcd associated with∇a satisfies the Einstein field equations, (2.1.1).

As a consequence, for each DPM M̄ of TPG, there exists a unique DPMM of GR.

Proof: (1) follows from (4.2.2) and (4.2.10). For (2), We begin with the force law of GR,

ξa∇aξ
b = 0. Expanding the Levi-Civita derivative in a coordinate basis, we have

ξµ∂µξ
ν + ξµΓνρµξ

ρ = 0. (4.2.31)

Now using (4.2.11), we can write

ξµ∂µξ
ν + ξµΓ̄νρµξ

ρ − ξµKν
ρµξ

ρ = 0, (4.2.32)

i.e.,

ξa∇̄aξ
b = ξaKb

caξ
c. (4.2.33)

Using (4.2.12), we then have

ξa∇̄aξb = ξcT̄cba ξ
a, (4.2.34)

which is our desired result: the force law for TPG. The converse translation is also possible, so

the result follows. For (3), recall from §4.2.2 that the dynamical equations of TPG (4.2.29) are

equivalent to the Einstein equations (2.1.1), in terms of the curvature field Ra
bcd associated to

the Levi-Civita derivative∇a (see e.g. [1,7]). Thus, for any DPM of TPG, one can construct a
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unique Lorentizan metric field gab with associated Levi-Civita derivative, and those geometri-

cal objects so constructed will satisfy (2.1.1). Thus, to every DPM M̄ of TPG, a unique DPM

M of GR can be constructed therefrom.

This in hand, we turn now to the recovery theorem.

Theorem 4. (Recovery Theorem, TPG) LetM be a model of GR satisfying the Einstein field

equations (2.1.1), and let∇a be the unique Levi-Civita connection associated toM. Then all

of the following hold:

1. There exists a tetrad field, ha
a, and unique associated Weitzenböck derivative ∇̄a.

2. ∇̄a is flat (i.e. R̄µ
νρσ = 0 for the associated Riemann tensor R̄µ

νρσ).

3. For all timelike curves on M with four-velocity field ξa,

ξb∇bξ
a = 0 ⇐⇒ ξa∇̄aξb = ξcT̄cba ξ

a. (4.2.35)

4. The tetrad field ha
a satisfies the field equations (4.2.29).

The pair 〈ha
a, ∇̄a〉 is not unique. A second pair 〈h′aa, ∇̄a〉 will also satisfy the stated condi-

tions iff h′aa = Ma
bh

b
a, where Ma

b is a Lorentz matrix (i.e. a matrix satisfying (4.2.7)).

As a consequence, for each DPMM of GR, there exists a class of DPMs M̄ of TPG, differing

by Lorentz transformations of the orthonormal indices of the tetrad field.

Proof: For (1), a tetrad field ha
a can be constructed from a Lorentzian metric gab via (4.2.4);

an associated Weitzenböck derivative ∇̄a can then be constructed via (4.2.5). For (2), we

need to prove that any such ∇̄a is flat, in the sense that the associated Riemann tensor R̄µ
νρσ
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vanishes. To do so, recall that in a coordinate basis, the Riemann tensor reads

Rµ
νρσ = ∂ρΓ

µ
νσ − ∂σΓµνρ + ΓτνσΓµτρ − ΓτνρΓ

µ
τσ. (4.2.36)

Substituting in the definition of the components of the Weitzenböck derivative (4.2.5), we

observe pairwise cancellation, yielding the result

R̄a
bcd = 0. (4.2.37)

For (3), the result follows from the same calculations as those presented for (2) in Thm. 3.

For (4), we again recall from §4.2.2 that the Einstein equations of GR (2.1.1) and the field

equations of TPG (4.2.29) are inter-translatable, so given thatM is a DPM of GR, the tetrad

field ha
a constructed therefrom will satisfy (4.2.29).

To prove non-uniqueness, first recall from §4.2.2 that if ha
a satisfies (4.2.2), then so too

does h′aa = Ma
bh

b
a. Thus, if a tetrad field ha

a can be constructed from a Loretnzian met-

ric field gab, then so also can a distinct tetrad field h′aa. As with ha
a, we can construct a

Weitzenböck derivative associated to h′aa, so h′aa satisfies (1) – and we know from §4.2.2 that

this is the same Weitzenböck derivative as that associated to ha
a (so, in turn, the torsion tensors

associated to ha
a and h′aa are also identical). Thus, the pair 〈h′aa, ∇̄a〉 satisfies (2)-(3).56 For

(4), note that the field equations (4.2.29) are invariant under transformations of tetrad indices,

so if 〈ha
a, ∇̄a〉 satisfies (4), then so too does 〈h′aa, ∇̄a〉. Thus, 〈h′aa, ∇̄a〉 also satisfies (1)-(4).

Thus, for each DPM M of GR, there exists a class of DPMs M̄ of TPG, differing by

Lorentz transformations of the tetrad field.
56The uniqueness of ∇̄a in the class of models of TPG associated to a given model of GR is in stark disanalogy

with the non-uniqueness of the derivative operator in the class of models of NG related to a given model of NCT.
Cf. §4.1.3.
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4.2.3 Background Independence

Before assessing the background independence of TPG, first consider Knox’s claim that, in

this theory, “the old entities from GR appear to be waiting in the wings” [67, p. 273]. Specif-

ically, Knox claims that in order for the tetrad field ha
a to be defined via (4.2.2), we must

specify a metric field gab; as a result, gab should be considered to have ontological priority over

ha
a in TPG. Knox claims that this is further brought out in the following points:57 [67, p. 273]

1. The minimal coupling prescription in TPG uses the so-called teleparallel derivative—

a recasting of the Levi-Civita derivative—rather than the Weitzenböck derivative. As a

result, all non-gravitational dynamical equations in TPG take their simplest form relative

to the inertial frames picked out by the Levi-Civita connection. Moreover, freely falling

bodies follow geodesics of the metric field gab associated to the tetrad field via (4.2.2).

2. The tetrad field ha
a is not uniquely determined in TPG; rather, there exists a gauge

redundancy encapsulated in (4.2.8). As a result, it is tempting to think that the metric

field gab—for which there is no such redundancy—should be taken as ontologically prior

to the tetrad field.

In light of such results, Knox concludes that there is no underdetermination between GR

and TPG; rather, the latter is simply a redescription of the former. Assuming that this is

correct, then since GR is a paradigm case of a background independent theory, so too must be

TPG, which is a mere reformulation of GR. One may, however, question such reasoning. For

instance, while it is true that one could define a tetrad field from a metric field gab via (4.2.2),

Knox has not demonstrated that the opposite direction is not possible – i.e. that one cannot

define a metric field gab from a tetrad field ha
a. Indeed, such is possible, via (4.2.3).

57We have modified Knox’s (2) to circumvent the issues mentioned in footnote 50.
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Now consider (1) and (2). On (1), the argument for theory identification on this basis is

too strong: a more conservative position would state that, while read literally GR and TPG

are committed to different ontologies, the formalism of the former is more natural than that

of the latter, in light of (1) and given the empirical equivalence of the two theories. On (2),

it is unclear why the existence of such a gauge redundancy in the tetrad field means that

the theory is better interpreted as a reformulation of GR.58 Thus, we take it that TPG is not

a straightforward reformulation of GR; understood in a flat-footedly realist sense, TPG and

GR are different theories, with different ontological commitments; moreover, they should be

assessed on their own terms with respect to qualities such as background independence.59

The above established, turn now in earnest to the background independence of TPG. Be-

ginning with Def. 8, note that (4.2.29) is derivable from an action principle (with Lagrangian

(4.2.26)); moreover, since this Lagrangian is defined in terms of ha
a only, with the tetrad fields

being subject to Hamilton’s principle, the latter two conditions in Def. 8 appear to be satisfied,

so that TPG does appear to be background independent, on Def. 8.

In fact, however, the situation here is more nuanced than this story suggests, for in presen-

tations of the derivation of (4.2.29) from the TPG action, only the Ba
a part of ha

a is varied

(see e.g. [1, p. 177]). This might lead one to worry that ha
a has a non-variational component,

and therefore that Def. 8 is violated. Though, on the standard presentation, this is correct,

recall from §3.4.2 that one could also vary the xa part of ha
a, and obtain the same equations

of motion. If one takes this approach, then Def. 8 is indeed satisfied by TPG; unless one also

endorses the further modification to Def. 8 suggested in §3.4.2.

How does TPG fare on Belot’s conception of background independence? The first thing to

state here is that it is natural to take the tetrad field ha
a in a model of the theory 〈M,ha

a,Φ〉 to

58If ∇̄a were to possess the gauge redundancy that Knox indicates, then there would arguably be room, by
analogy with Knox’s reasoning in the case of NG and NCT [68], to maintain that the spacetime structure of GR
is fundamental. However, we have seen in §4.2.2 (and footnote 50) therein that such redundancy is not present,
pace Knox.

59Cf. §§4.3.1, 7.3.1.
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constitute the geometrical structure in the theory (cf. §3.5.1). Assuming this in what follows,

then, via the TPG field equations (4.2.29), one might think (by analogy with GR) that every

gauge inequivalent model of the theory corresponds to a distinct geometry ha
a,

60 so that there

is a one-one correspondence between the geometrical and physical degrees of freedom in the

theory, and the theory is fully background independent, as per Def. 10.

There exists one technical obstacle to this appraisal of TPG as satisfying Def. 10. We

saw in (4.2.8) that there exits an ‘internal’ Lorentz symmetry of the tetrad indices, so that if

〈M,ha
a,Φ〉 is a model of TPG, then so too is 〈M,h′aa,Φ〉, where ha

a and h′aa are related by a

Lorentz transformation, as per (4.2.8). As in §4.1.4, there exist four open interpretive options

when faced with this multiplicity of models. First, one may regard ha
a and h′aa as equiv-

alent geometries, and their respective models as gauge equivalent (indeed, this is plausible,

since Γ̄ρµν and T̄ ρµν are invariant under such ‘internal’ Lorentz transformations). Second, one

may regard ha
a and h′aa as inequivalent geometries, and their respective models as not gauge

equivalent. In either of these cases, TPG’s satisfaction of Def. 10 is not threatened.

Alternatively, one may regard ha
a and h′aa as equivalent geometries, but 〈M,ha

a,Φ〉 and

〈M,h′aa,Φ〉 as gauge inequivalent; as in our discussion of NG in §4.1.4, such a move does

not appear defensible, for such models differ in ha
a and h′aa only. Finally, one may regard

ha
a and h′aa as inequivalent geometries, yet consider their models to be gauge equivalent.

Whether such a move is ultimately plausible61 is questionable; however, if it is endorsed, then

Belot’s Def. 10 is not satisfied.

Finally, consider whether TPG satisfies Def. 5 and Def. 6. One may begin by asking the

following question: What is the status of the metric field ηab in (4.2.2)? Since ηab is fixed to

be diag (−1, 1, 1, 1) in all models of TPG, it is appropriate to regard this object as a confined

object.62 Since it is not the case that all confined objects should be considered absolute objects

60Modulo the analogue of the worries that arise for GR in this regard (cf. §3.5.4).
61Or indeed coherent, in light of footnote 31.
62Indeed, we saw in §3.4.2 that such was a viable strategy when approaching parameterised theories.
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(for then even GR would manifest a large range of absolute objects – see §3.3.2), on this

interpretation, in spite of the existence of this fixed structure in TPG,63 ηab does not lead to

violations of background independence, on Def. 5 or Def. 6.64

To close, consider Pitts’ point that use of the tetrad formalism in any theory gives rise to

the presence of an absolute object [95, p. 365]. Given both local Lorentz freedom (in the sense

of (4.2.8)) and coordinate freedom, one can bring the a = 0 component of the tetrad field, h0
a,

into the form (1, 0, 0, 0) in the neighbourhood of any p ∈ M ; moreover, there cannot be any

spacetime region in any model such h0
a vanishes. Thus, TPG (or, in the example upon which

Pitts focuses [95, p. 365], GR coupled to a spinor field using an orthonormal tetrad field) gives

an example of Jones-Geroch vector field: nowhere vanishing, everywhere timelike, and gauge

equivalent to (1, 0, 0, 0) – and so in turn, an example of an Andersonian absolute object.65

Faced with this example, Pitts demonstrates how, by moving to the alternative Ogievetsky-

Polubarinov spinor formalism [86], ‘irrelevant variables’ may be excised, and this absolute

object may be avoided [95, 98]. If such a move can be made in the context of TPG,66 then

this theory’s having an absolute object in this regard is avoided, thereby lifting a possible

roadblock to its satisfaction of Def. 5. If such a move cannot be made, however, then TPG

does violate Def. 5.

4.3 Kaluza-Klein Theories

In the above, we assessed the background independence of NG (§4.1.2), NCT (§4.1.3), and

TPG (§4.2.2). One further classical theory worthy of consideration is Kaluza-Klein theory

63Which, if we are to follow Smolin [123, p. 204], should ultimately be excised from our physics – see §3.3.2.
64Though below we see that Def. 5 is violated in TPG for different reasons.
65As Pitts states, “The tetrad-spinor example seems rather more serious a problem for definitions of absolute

objects than the Jones-Geroch cosmological dust example was, because the spinor field is surely closer to being
a fundamental field than is dust or any other perfect fluid.” [95, p. 365].

66Without the resulting theory being distinct from TPG.
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(KKT). We introduce KKT in §4.3.1, before appraising its background independence in §4.3.2.

4.3.1 Kaluza-Klein Theory

Transformations

KKT—introduced by Kaluza in 1921 [64], and developed by Klein in 1926 [66]—is an attempt

to unify gravity and electromagnetism by construction of a higher-dimensional theory. KPMs

of this higher dimensional theory are pairs 〈M, g̃AB〉, where M is a five-dimensional differen-

tiable manifold, and g̃AB is a Lorentizan metric field on M .67 DPMs of KKT are picked out

via the five-dimensional vacuum Einstein equations

R̃AB = 0. (4.3.1)

Here, R̃AB is the Ricci tensor associated to g̃AB. Upon this metric field, we impose in every

coordinate basis (following Kaluza [64]) the cylinder condition,68

∂5g̃ΛΣ = 0. (4.3.2)

Imposition of this condition carries a number of important consequences [41, pp. 70-71].

67We use capital Roman indices for abstract five-dimensional indices, and capital Greek indices for five di-
mensional indices in a coordinate basis; to denote a set of five-dimensional coordinates, we sometimes use the
notation x̃ =

(
x, x5

)
, where x denotes the first four coordinates in x̃.

68One understands (4.3.2) both as a restriction on the allowed coordinate systems in KKT—in analogy with
imposition of the unimodular coordinate condition

√
−g = 1 in UGR (cf. footnote 17 of §3.3.3)—and as a

restriction on g̃AB .
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First, generically we may parameterise a metric field g̃AB which satisfies this condition as

g̃AB =

 gab (x) + Φ (x)Aa (x)Ab (x) Φ (x)Aa (x)

Φ (x)Ab (x) Φ (x)

 ; (4.3.3)

the important point to note here is that all terms in (4.3.3) depend upon x only (not x5).

Second, if (4.3.2) is to be satisfied in every frame, then the most general allowed coordinate

transformations are

xµ → yµ = f (xµ) , (4.3.4)

x5 → y5 = x5 + g (xµ) . (4.3.5)

To see how this latter result is obtained, first expand ∂Λg̃ΣΘ in a new coordinate basis

(indices of which are denoted by primes):

∂

∂xΛ
g̃ΣΘ =

∂2yΣ′

∂xΛ∂xΣ

∂yΘ′

∂xΘ
g̃Σ′Θ′ +

∂yΣ′

∂xΣ

∂2yΘ′

∂xΛxΘ
g̃Σ′Θ′ +

∂yΛ′

∂xΛ

∂yΣ′

∂xΣ

∂yΘ′

∂xΘ

∂

∂yΛ′
g̃Σ′Θ′ . (4.3.6)

Hence

∂

∂x5
g̃ΣΘ =

∂2yΣ′

∂x5∂xΣ

∂yΘ′

∂xΘ
g̃Σ′Θ′ +

∂yΣ′

∂xΣ

∂2yΘ′

∂x5xΘ
g̃Σ′Θ′ +

∂yΛ′

∂x5

∂yΣ′

∂xΣ

∂yΘ′

∂xΘ

∂

∂yΛ′
g̃Σ′Θ′ . (4.3.7)
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By the cylinder condition (4.3.2), the left hand side of (4.3.7) is required to vanish; as a

result, we also expect the terms of the right hand side of (4.3.7) to vanish term-by-term (in the

general situation, no cross-term cancellation is possible). First considering the third term, we

accordingly require that

∂yµ

∂x5

∂yΣ′

∂xΣ

∂yΘ′

∂xΘ

∂

∂yµ
g̃Σ′Θ′ +

∂y5

∂x5

∂yΣ′

∂xΣ

∂yΘ′

∂xΘ

∂

∂y5
g̃Σ′Θ′

!
= 0. (4.3.8)

The second term here is also required to vanish by the cylinder condition (4.3.2). For the first

term to vanish, we require that

∂yµ

∂x5

!
= 0 ⇒ yµ = f (xµ) , (4.3.9)

which is (4.3.4).

Now consider the first and second terms on the right hand side of (4.3.7) – in fact, by

symmetry, it suffices to consider just one of these terms.

∂2yΘ′

∂x5∂xµ
∂yΣ′

∂xν
g̃Θ′Σ′ =

∂2y5

∂x5∂xµ
∂yσ

∂xν
g̃5σ +

∂2y5

∂x5∂xµ
∂y5

∂xν
g̃55 = 0 (4.3.10)

∂2yΘ′

∂x52

∂yΣ′

∂xν
g̃Θ′Σ′ =

∂2y5

∂x52

∂yσ

∂xν
g̃5σ +

∂2y5

∂x52

∂y5

∂xν
g̃55 = 0 (4.3.11)

(Setting Σ = Θ = 5 does not yield any new, independent conditions.) From (4.3.11), we
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extract the condition

∂2y5

∂x52

!
= 0 ⇒ y5 = κ

(
xλ
)
x5 + g

(
xλ
)
, (4.3.12)

while from (4.3.10) we extract the condition

∂2y5

∂x5∂xµ
=

∂

∂xµ

(
∂y5

∂x5

)
=
∂κ
(
xλ
)

∂xµ
!

= 0, (4.3.13)

from which we infer κ
(
xλ
)

= const; finally, rescaling (4.3.12) and absorbing the factor of

κ−1 into g
(
xλ
)

yields (4.3.5).

Field Equations

Thus far, KKT is equivalent to five-dimensional vacuum GR, with one auxiliary condition,

(4.3.2). Given the form of the metric (4.3.3) which results from this condition, one must ask

what the field equations (4.3.1) of the theory become, when (4.3.3) is substituted thereinto. If

one were to do so at this point, one would obtain three dynamical equations which feature non-

trivial couplings between gab, Aa and Φ.69 In KKT, however, the goal is to obtain dynamical

equations which represent coupled Maxwell-Einstein gravity only. In order to attain this result,

one imposes at this stage a second constraint: Φ = 1, thus fixing this degree of freedom in the

theory [90, p. 293].70 Then, rescaling Aa → 4
√
πAa, the (a, b)-components of (4.3.1) become

Gab = 8πTEMab , (4.3.14)

69See e.g. [91, p. 1].
70Cf. footnote 68.
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with Gab the ‘Einstein tensor’ associated to the gab components of g̃AB, and

TEMab =
1

4
gabFcdF

cd − F c
a Fbc (4.3.15)

the stress-energy tensor of electromagnetism. The (a, 5)-components of (4.3.1) become

F ;a
ab = 0, (4.3.16)

with Fab = 2A[b;a] the Faraday tensor. Thus, the field equations (4.3.1) of KKT collapse into

the Einstein field equations of GR, plus the source-free Maxwell equations, coupled together.

Diffeomorphism Invariance

Consider the transformation of the g̃µ5 piece of g̃AB (in some arbitrary coordinate basis) from

one coordinate basis to another, subject to (4.3.2). We have, from (4.3.4) and (4.3.5),

g̃µ5 → g̃µ5
∂y5

∂x5
+ g̃55

∂y5

∂xµ
∂y5

∂x5

= g̃µ5 + g̃55∂µg
(
xλ
)
, (4.3.17)

so that

Aµ → Aµ + ∂µg
(
xλ
)
. (4.3.18)
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(4.3.18) is the transformation law for the electromagnetic vector potential under a U (1)

rotation. Since this result is a consequence of (4.3.5), it is sometimes written that (4.3.2) breaks

the invariance group of diffeomorphisms of KKT from Diff (M) to a subgroup Diff (N) ×

U (1), where N is a four-dimensional manifold; the Diff (N) invariance is identified with

transformations (4.3.4); the U (1) invariance is identified with transformations (4.3.5).

In this thesis, we avoid speaking in these terms, for three reasons. First, it is incorrect to

state that (4.3.18) follows directly from (4.3.5) – rather, it follows as a result of (4.3.4) and

(4.3.5) together. Thus, it is not clear that one should identify (4.3.5) with the U (1) invariance

encapsulated in (4.3.18). Second, the above reasoning leaves ill-specified at a mathematical

level why (4.3.5) itself corresponds to U (1) transformations. Third, the manifold associated

to the Lie group U (1) is S1, the sphere. Speaking of U (1) transformations at this point is apt

to yield confusion with Klein’s compactification conditions, introduced in [66], in which the

x5 coordinate is rendered periodic (sometimes, authors speak of ‘compactification on S1’).71

Note, however, that no such compactification conditions have yet been introduced.

For our purposes, the relevant observation is that (4.3.2) restricts the class of diffeomor-

phisms under which the theory is invariant to (4.3.4) and (4.3.5). Thus, treating (4.3.2) as a

field equation, if 〈M, g̃AB〉 is a DPM of the theory, then 〈M,d∗g̃AB〉 generically will not be,

for arbitrary d ∈ Diff (M). This means that KKT is not diffeomorphism invariant, on Def. 3.72

Finally, note that g̃55 is invariant under (4.3.4) and (4.3.5).

71These conditions are discussed below.
72One alternative is to treat (4.3.2) as restricting the KPMs of KKT (cf. §§3.4.2, 7.3.1). On this approach, it

remains the case that KKT is not diffeomorphism invariant, for if 〈M, g̃AB〉 is a DPM of the theory, then on this
understanding 〈M,d∗g̃AB〉 will generically not even be a KPM.
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Justifying the Cylinder Condition

When Kaluza introduced the above theory in 1921 [64], (4.3.2) was not given a physical

motivation. In his 1926 development of the theory, Klein attempted to rectify this situation,

arguing that such an explanation can be found if the x5 coordinate is rendered periodic [66].73

In doing so, we declare that points along x5 which differ by a quantity 2πRKK (where RKK is

the hitherto-undetermined Kaluza-Klein radius) are identical: [112, p. 2]

x5 ∼ x5 + 2πRKK. (4.3.19)

Now, for illustration, consider a massless real scalar field in five dimensions, φ (x, x5). For

such a field, we make the following Fourier expansion on the periodic x5 dimension [88, §4.1]

φ
(
x, x5

)
=

∞∑
n=−∞

φn (x) einx
5/RKK . (4.3.20)

Then, the associated equation of motion—here the Klein-Gordon equation—reads

(
∂µ∂µ −

∂

∂x52

)
φ
(
x, x5

)
= 0, (4.3.21)

which yields the equations of motion for the Fourier components φn (x)

(
∂µ∂µ +m2

n

)
φn (x) = 0, (4.3.22)

73Sometimes, this condition is referred to as compactification on S1; we avoid such terminology. Cf. §4.3.1.

82



with

mn =
n

RKK

. (4.3.23)

From (4.3.22) and (4.3.23), we observe that the only massless field is φ0 (x); the other

fields φn (x) have masses of order R−1
KK. If RKK is small, then these masses are large, so in the

low-energy limit, the only non-negligible Fourier component of φ (x, x5) is φ0 (x), which is

independent of x5. In turn, this renders the physics of the φ (x, x5) field in the five-dimensional

theory effectively independent of the x5 coordinate. Now, what holds in the above simple case

of a real scalar field also applies for other fields in KKT, including g̃AB. Once again, due to

the periodicity of x5, we can expand the components of g̃AB as a Fourier series,

g̃AB
(
x, x5

)
=

∞∑
n=−∞

gnAB (x) einx
5/RKK , (4.3.24)

whereby analogous reasoning applies (see e.g. [88, §4.1]), and the only non-negligable com-

ponent of g̃AB (x, x5) is g̃0
AB (x), which is independent of the x5 coordinate. In this way,

rendering the x5 coordinate periodic with small RKK allows for a physical explanation of

(4.3.2) – though, of course, such periodicity itself remains unexplained.

Variational Principles

With the above in mind, consider now how the equations of motion (4.3.14), (4.3.15), and

(4.3.16), in turn derived from the KKT equation of motion (4.3.1), are obtainable from an

83



action principle. We begin with the five-dimensional Einstein-Hilbert action,

SKK =
1

16π

∫
d5x
√
−g̃R (g̃) , (4.3.25)

where here g̃ = det (g̃AB), and R (g̃) = R̃ is the Ricci scalar associated to g̃AB. Substituting

in the specific form of the metric (4.3.3), upon which (4.3.2) has been imposed, we obtain, up

to an extra integral over the x5 coordinate, the standard action for coupled Einstein-Maxwell

gravity,

SKK =
1

16π

∫
dx5

∫
d4x
√
−g
(
R (g) +

1

4
FabF

ab

)
. (4.3.26)

At this stage, however, one might think that we have a problem, for the integral over the

x5 coordinate will in general diverge. However, if we again impose that this coordinate is

periodic, with (by convention) period 2πRKK, we can overcome this problem, for in this case

the integral becomes a trivial constant. In that case, performing the x5 integral in (4.3.26), we

obtain [20, p. 1093]

SKK =
2πRKK

16π

∫
d4x
√
−g
(
R (g) +

1

4
FabF

ab

)
, (4.3.27)

where RKK is the radius of the periodic x5 dimension. Hence, we see that, in addition to

providing an explanation for (4.3.2), imposing periodicity of the x5 coordinate allows one to

avoid divergences in the derivation of the equations of motion (4.3.14), (4.3.15), and (4.3.16)

from a five-dimensional action principle.
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4.3.2 Background Independence

We are now in a position to assess the background independence of KKT. The first thing to

note is that—as remarked upon in §4.3.1—KKT is not diffeomorphism invariant, for (4.3.2)

restricts the allowed class of diffeomorphisms under which the the theory is invariant to (4.3.4)

and (4.3.5). Although this is a natural conclusion, which is also endorsed by authors such as

Vassallo [137, p. 10],74 it is worth questioning at this stage whether this is necessarily the case.

To see what one might have in mind here, recall Dewar’s distinction between Penrose

and Earman-Friedman approaches to NG [31, p. 324].75 While the Earman-Friedman ap-

proach is that presented in §4.1.3, the Penrose approach proceeds differently – in this case, a

classical spacetime is defined as the direct product of a three-dimensional manifold A and a

one-dimensional manifold T ; on such manifolds are defined separate metric fields [31, p. 318].

Proceeding in this manner, it is natural to investigate the group Diff (A× T ), for if this is the

same as the group of diffeomorphisms of NG or NCT on the Earman-Friedman approach,

then it seems that the most general class of possible diffeomorphisms in the Penrose approach

coincides with the diffeomorphisms under which the theory is invariant.

In principle, one can make a similar move in KKT, in which the pursuant of the analogue of

the Penrose approach to NG or NCT begins by defining metric fields on the product manifold

N × S1, before then investigating the group Diff (N × S1). If this group of diffeomorphisms

coincides with the group of diffeomorphisms under which KKT is invariant (i.e. the group of

smooth coordinate transformations which take DPMs of KKT to DPMs – (4.3.4) and (4.3.5)),

then it would follow that whether the theory is diffeomorphism invariant depends upon the

formulation of the theory at play.

74Although in that case on the inference that the diffeomorphism group of KKT is Diff (N) × U (1), which
was criticised in §4.3.1.

75The former since it is Penrose’s choice of presentation of NG [92, ch. 17]; the latter since it is the preferred
presentation of Earman [34, ch. 2] and Friedman [46, ch. 3, §1].
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Unfortunately, such an approach does not go through. First, for two manifolds M1 and

M2, in general Diff (M1 ×M2) � Diff (M1) × Diff (M2). Second, even supposing that the

diffeomorphism group of KKT is Diff (N)×Diff (S1) (which is not the case), so that Diff (N)

is identified with the transformations (4.3.4), the group Diff (S1), as discussed in §4.3.1, is

nontrivial, and not straightforwardly identifiable with the transformations (4.3.5).76 Thus,

KKT is not rendered diffeomorphism invariant by moving to a Penrose-style formulation.77

Let us turn now to whether KKT is background independent. Since KKT does not contain

any fixed fields, Def. 6 is satisfied.78 By contrast, Def. 5 is more complex. On the one hand, the

component g̃55 is invariant under (4.3.4) and (4.3.5). However, at this point this object is still

formally unfixed – meaning that the space of DPMs of KKT is partitioned into domains, points

of which are related by allowed diffeomorphisms, and in each of which g̃55 takes a different

value. This situation thus resembles Torretti’s counterexample to the equation of the absence

of absolute objects and background independence (§3.3.3), and therefore—one might argue—

does not present a violation of Def. 5. In fact though, recall that, as Pitts points out, such a case

does involve an absolute object – the square root of the metric determinant [95, pp. 17-18]. In

addition, in the final formulation of KKT, g̃55 is fixed via Φ = 1. This extra condition restricts

the DPMs of KKT to only one of the above-mentioned equivalence classes – in which case

there again arises an absolute object in this example.

Consider next Def. 8. Recalling the KKT action (4.3.25), it is clear that all dependent

variables therein (namely the one field, g̃AB) are subject to Hamilton’s principle, and represent

physical fields. Thus, it appears that KKT qualifies as background independent, on Def. 8.

One subtlety in this regard, however, is the following. Above, we suggested that the conditions

(4.3.2) and Φ = 1 be imposed as field equations – i.e. at the level of DPMs. But if this is the

case, we should be able to derive these equations from an action principle – and it is not

76See e.g. [65, ch. 2].
77The analogue of these results also applies to the Penrose formulation of NG.
78Absent any reformulation of KKT containing fixed fields.

86



obvious that this can be achieved. In fact, only in the case in which these conditions are

imposed at the level of KPMs does KKT satisfy Def. 8 uncontroversially (cf. §§3.4.2, 7.3.1).

Finally, turn to Belot’s account of background independence. Here, one must take g̃AB

to represent the geometrical structure (see §3.5.1) in the theory; then, any such metric fields

related by the allowed transformations (4.3.4) and (4.3.5) can be considered equivalent ge-

ometries (as with GR). Moreover, as in the case of GR, models which differ by metric fields

related by such transformations can be considered physically equivalent. In this case, KKT

satisfies Def. 10, of full background independence.79

The combination of our results that KKT is not diffeomorphism invariant, yet on sev-

eral approaches is background independent, is important, for it further refutes the idea that

diffeomorphism invariance is intimately tied to background independence. Specifically: just

as Pooley demonstrates via SR2 that one can have a diffeomorphism invariant theory that is

not background independent (see §3.2.4), in KKT we appear to have a theory which is not

fully diffeomorphism invariant, yet which is nevertheless background independent.This result

should be taken as an additional warning against the identification of these concepts.

Let us close with the following comment. As with Knox on TPG and GR (cf. §4.2.3), one

might argue—based upon the fact that one can obtain the Einstein-Maxwell action (4.3.27)

simply by integrating out the (periodic) x5 coordinate in the Kaluza-Klein action (4.3.25)—

that KKT is simply a reformulation of GR, rather than a distinct theory. If so, then, again, KKT

should inherit the background independence of GR. As before, however, we wish to resist this

reasoning: KKT is prima facie ontologically distinct from four-dimensional Einstein-Maxwell

theory, and should be evaluated on its own terms.80

79One might worry that this verdict is too quick. Specifically, what of diffeomorphisms which do not give
rise to coordinate transformations of the form (4.3.4), (4.3.5)? Since such diffeomorphisms take us out of the
class of DPMs of the theory—and recall from §3.5.4 that background independence on Belot’s account should
be assessed with respect to the DPMs of the theory in question—these transformations pose no obstacle to the
appraisal of full background independence in this case.

80In this regard, we follow Vassallo [137, pp. 10-11].
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4.4 Close

In this chapter, we have assessed the background independence of NG, NCT, TPG, and KKT;

our results are summarised in Table 4.1. Such work is valuable for four reasons. First, it

provides a means of testing the definitions presented in §3, revealing potential shortcomings

which may otherwise have gone unnoticed. For example, we saw in §4.1.4 that Def. 10 delivers

the incorrect verdict on NCT, due to issues regarding the counting of geometrical structures.

Second, carrying out this work allows us to move beyond intuitions in appraising whether

the theories under consideration are background independent. For example, one might think

that NCT is background independent, since it involves a dynamical spacetime as with GR.

In §4.1.4, however, we found a majority verdict that NCT is not background independent, in

spite of intuitions. Indeed, in cases such as KKT, it is not even clear that we have strong intu-

itions regarding background independence; the majority verdict of background independence

presented in §4.3.2 is therefore useful when making judgements on this theory.

Third, this work develops our understanding of the connections between background inde-

pendence and other concepts. For example, in KKT we find a theory which is not diffeomor-

phism invariant, yet which nevertheless arguably is background independent. And fourth: The

analysis undertaken above leads to an enhanced understanding of the theories in question. For

example, we have discussed various forms of indeterminism in NG and NCT (§4.1.4); differ-

ent classes of gauge transformation in TPG (§4.2.3); and issues regarding the diffeomorphism

group associated to KKT (§4.3.2).
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Def. 5 Def. 6 Def. 8 Def. 10
NG 7 7 7 7*

NCT 7 7 7 3*
TPG 7 3 3* 3*
KKT 7 3 3* 3

Table 4.1: The appraisals delivered by Def. 5, Def. 6, Def. 8, and Def. 10, on the background
independence of NG, NCT, TPG, and KKT. 3 indicates that the theory is judged to be back-
ground independent; 7 indicates that the theory is judged to be background dependent; and *
indicates that there exist subtleties regarding the verdict.
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Chapter 5

Quantum Background Independence

In §2.1, we presented a picture of classical theories in terms of KPMs, DPMs, and BPMs.

Modifications to this framework are necessary in the case of quantum theories. In §5.1, we

address these issues, before considering in §5.2 whether the definitions of background inde-

pendence presented in §3 remain applicable to quantum theories.

5.1 Models, Reprise

The KPMs of a quantum field theory (QFT) are tuples 〈M,Fi, . . . , Fm, Ô1, . . . , Ôn〉, where

the Fi are fixed fields,1 and the Ôi are operator-valued fields.2 Then, in such a QFT, the

relevant dynamical question is not ‘what dynamical equations do the Ôi obey?’, but ‘what are

1In the sense of SR1 – see §3.2.2. It in necessary to include the Fi, for in e.g. standard Lorentz-covariant
QFT, quantum fields are defined on a fixed background Minkowski spacetime.

2The introduction of Fi and Ôi raises the possibility that one might also include in the definition of the KPMs
of a QFT dynamical classical fields. Such a possibility is of relevance to §6 (and cf. [106]), though for simplicity
is here set aside.

90



the correlation functions of the Ôi?’3 Recall that such correlations functions

〈Oα1 (x1) . . . Oαm (xm)〉 ≡ 〈Ω|TOα1 (x1) . . . Oαm (xm) |Ω〉 , (5.1.1)

where each Oαi ∈ {O1 . . . On}, i = 1 . . .m, give the probability amplitude of finding an

excitation of field Oαi at spacetime location xi (i = 1 . . .m), for each of the Oαi .
4 Hence,

for example, the two-point correlation function 〈ϕ (x1)ϕ (x2)〉 of some real scalar field ϕ can

(loosely) be interpreted as the probability amplitude for ‘propagation’ of an excitation of the ϕ

field (i.e., a ϕ-‘particle’) from the spacetime point with coordinates x1, to the spacetime point

with coordinates x2.

With the above picture of correlation functions in mind, now recall that in a QFT, such

correlation functions can be computed via the path integral

∫
DO1 . . . DOn exp

(
i

∫ τ

−τ
d4xL

)
(5.1.2)

—i.e., the functional integral of the exponential of a classical action (itself a spacetime integral

over a Lagrangian L)—using (see e.g. [94, ch. 9])

〈Oα1 (x1) . . . Oαm (xm)〉 = lim
τ→∞(1−iε)

∫
DO1 . . . DOnOα1 (x1) . . . Oαm (xm) exp

(
i
∫ τ
−τ d

4xL
)

∫
DO1 . . . DOn exp

(
i
∫ τ
−τ d

4xL
) .

(5.1.3)
3In what follows, hats on operators shall be dropped for convenience.
4|Ω〉 denotes the ground state of the (interacting) QFT in question; T is a time-ordering operator. See

e.g. [94, ch. 4]. Note that one might also choose to include the quantum state in the definition of the KPMs of a
QFT; whether one does so will not prove significant for our purposes.
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Now ask: How should DPMs of a QFT be picked out? The obvious answer is that the

DPMs of a QFT are those KPMs for which correlation functions of the Oi are specified by a

certain path integral. Thus, in short, DPMs of QFTs are picked out by path integrals5 – this is

the analogue of picking out DPMs via field equations, as in §2.1.6

Finally, what of the BPMs of a classical versus a quantum theory? In this case, one can

impose certain boundary conditions on the Oi of a QFT in exactly the same manner as was

discussed in §2.1. Thus, no modification to the formalism of that section is necessary in this

context – beyond the fact that, as mentioned, the Oi are now operator-valued fields.

5.2 Background Independence

The definitions of background independence presented in §3 were all constructed in the context

of classical field theories. It is thus an open question whether they remain applicable to QFTs.

Thankfully, however, this is the case. To illustrate, note that the definition of a fixed field (i.e. a

field fixed in all KPMs of a theory – see §3.2), and of an absolute object (i.e. an object invariant

across all DPMs of a theory – see §3.3), are equally applicable to quantum theories as they

are to classical theories. Thus, Def. 5 and Def. 6 can also be applied to assess the background

independence of quantum theories. Indeed, it is also the case that no significant modifications

need be made to Belot’s account of background independence, beyond a reconstrual of the

models of a theory à la §5.1.

5To specify a path integral, we have seen that one must specify a classical action, and so in turn a Lagrangian.
However, as in classical theories, there exist some QFTs which lack a Lagrangian formulation (for example
N = (0, 2) QFTs in six dimensions – see e.g. [24,144]). Nevertheless, the framework presented in this section is
capable of accommodating such theories – we simply specify that DPMs are picked out by correlation functions
directly, without recourse to such path integrals. Indeed, to say that path integrals pick out DPMs in QFTs is,
ultimately, a convenient shorthand for stating that DPMs are picked out by certain correlation functions.

6In the language of QFT, to pick out DPMs via field equations is to pick out those models which capture
only the on-shell, or tree-level, contributions to the dynamics. In a QFT, we also need to capture loop-order
contributions; picking out DPMs via a path integral allows us to achieve this goal.
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The situation regarding Def. 8 is a little more complex. Suppose that the theory in question

has an associated action. In a quantum theory, such an action can be varied to obtain the on-

shell equations of motion for the objectsOi of the theory. One might worry, however, that since

it is the path integral (rather than the action) which is fundamental in a QFT, such variation of

the action is irrelevant to any appraisals of the background independence of this theory.

Now, while it is true that such equations of motion do not give the full dynamics of the

theory (unlike the classical case)—which is given by the path integral—what is true is that

generic correlation functions in a QFT can be evaluated perturbatively,7 with each term in such

a perturbation series being constructed from propagators, themselves constructed from the

equations of motions for the Oi of the theory which are obtained form such action principles.

Thus, if a field in a QFT is subject to Hamilton’s principle, this is good reason to think it

dynamical in the quantum theory; if a field in a QFT is not subject to Hamilton’s principle,

then it does not appear to be dynamical in the quantum theory. Thus, the intuitions behind

Def. 8 of background independence still hold in quantum theories – suggesting that it is still

appropriate to make use of this criterion in such contexts.

It is worth mentioning one further modification to Def. 8 (also applicable to Def. 5 and

Def. 6) which must be made when assessing the background independence of quantum theo-

ries (brought to light by de Haro et al. [25, §6.2]8). Since the path integral of a quantum theory

decomposes into the exponential of a classical action, and a path integral measure, it is impor-

tant that the latter object also contain no non-dynamical—or non-variational, etc.—fields.

7In terms of sums over Feynman diagrams – see e.g. [94, ch. 4].
8See §7.2.1.
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Chapter 6

Perturbative String Theory

In this chapter, we assess whether perturbative string theory qualifies as background indepen-

dent. To this end, in §6.1 we provide an overview of this quantum gravity theory. Then, in

§6.2, we consider the nature of spacetime in the theory, before turning to our main task in §6.3.

6.1 Background

In string theory, a string can be regarded as a special case of a p-brane, which is an object with

p spatial dimensions and tension Tp = 1/ (2πα′), where α′ is the Regge slope parameter. The

classical motion of a p-brane extremises the (p+ 1)-dimensional volume V that it sweeps out

in spacetime.1 Thus there is a p-brane action that is given by Sp = −TpV . In the case of the

fundamental string, which has p = 1, V is the area of the string worldsheet and the action is

1Sometimes, spacetime in string theory is referred to as target space. Recently, in light of so-called dualities in
string theory (see e.g. [108]), Huggett has argued that phenomenal spacetime is not equivalent to target space [59].
We set such issues aside in this thesis.

94



called the Nambu-Goto action [17, p. 10]

SNG = − 1

2πα′

∫
Σ

d2σ

[
−detab

(
∂Xa

∂σa

∂Xb

∂σb
ηab

)]1/2

, (6.1.1)

where Σ denotes the string worldsheet; the functions Xa (σ, τ) describe the spacetime embed-

ding of the worldsheet; τ ≡ σ0 and σ ≡ σ1 are coordinates on the worldsheet (the parameter τ

is the worldsheet time coordinate, while σ parametrises the string at a given worldsheet time);

d2σ = dτdσ; and Fraktur script denotes worldsheet indices. Note in (6.1.1) that the spacetime

metric field ηab is a fixed field in the sense of §3.2.2. Classically, the Nambu-Goto action is

equivalent to the string sigma-model action (also known as the Polyakov action) [17, p. 13]

SP(η) = − 1

4πα′

∫
Σ

d2σ
√
−hhabηab∂aXa∂bX

b, (6.1.2)

where hab (τ, σ) is an auxiliary2 worldsheet metric with inverse hab (τ, σ); and h := dethab.

The Euler-Lagrange equation for hab can be used to eliminate it from (6.1.2) and recover

(6.1.1).3 Quantum mechanically, instead of eliminating hab via its classical field equations, one

should perform a path integral, using standard machinery to deal with the local symmetries and

gauge fixing.4 Doing this, one finds that there is a conformal anomaly5 unless the spacetime

2In the sense that hab is a new variable, a priori independent of the pullback of the spacetime metric to the
worldsheet.

3Varying (6.1.2) with respect to hab, we obtain the equation of motion ηab∂aX
a∂bX

b −
1
2habh

cdηab∂cX
a∂dX

b = 0; back-substitution then returns (6.1.1).
4I.e. path integral quantisation à la Faddeev-Popov – see e.g. [17, §3.4].
5An anomaly arises when a symmetry of a classical theory is not manifested in the associated quantum

theory. In more technical language, though the classical action is invariant under the symmetry, the associated
path integral measure—used to define the quantum theory—is not. The conformal anomaly arises on quantisation
of classical string theory, and breaks the conformal invariance of the string worldsheet. This anomaly manifests
itself as an extra term in the Virasoro algebra, which comprises the generators of the conformal group of the
string worldsheet; this extra term vanishes—thereby circumventing the anomaly—only in the case of spacetime
dimension D = 26 for the bosonic string, or D = 10 for the fermionic string. For a philosophically-oriented
introduction to anomalies, see [60, §4].
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dimension is D = 26.6

For a closed string, one imposes periodicity in σ. Choosing its range to be π, one identifies

both ends of the string Xa (τ, σ) = Xa (τ, σ + π). After quantising and defining suitable lad-

der operators,7 one can act on the ground state of the string with raising operators to study its

spectrum. For the closed string, there exist three distinct first excited states, denoted fab, Bab,

and Φ. fab—suggestively christened the graviton—is symmetric and traceless in its spacetime

indices, and transforms under SO (D − 2) as a massless,8 spin-two particle. Bab transforms

under SO (D − 2) as an antisymmetric, second-rank tensor. The trace term Φ is a massless

scalar, which is called the dilaton [12, p. 53].

In (6.1.2), we considered only a fixed, flat background ηab. One can analyse more general

possibilities by introducing the fields fab, Bab, and Φ into the worldsheet action as background

fields. The appropriate action is then [17, p. 429]9

SP(η+f,B,Φ) = − 1

4πα′

∫
Σ

d2σ
√
−h
(
hab∂aX

a∂bX
b (ηab + fab (X))

+ εab∂aX
a∂bX

bBab (X) + α′ΦR (h)
)
, (6.1.3)

where our conventions are such that εab = ±1/
√
−h. Thus, in perturbative string theory there

is a move from finding the excited states of strings, to treating the associated quantum fields

as background fields in which the dynamics of further strings can be analysed. It is upon this

6As mentioned in footnote 5, analogous analysis for superstrings (i.e. strings for which supersymmetry is
added – either on the worldsheet as in the so-called RNS sector, or to the background spacetime as in the GS
sector) gives the critical dimension D = 10 [12, p. 7]. In this chapter we focus solely on bosonic string theory.

7See e.g. [12, p. 53].
8For how the masses of such states are determined, see e.g. [12, p. 53].
9In some textbooks (e.g. [12, p. 81]), the ηab term in (6.1.3) is dropped; without a field redefinition of the form

fab → ηab + fab, this is a mistake, for the background ηab term is still required at this stage. Other textbooks
(e.g. [17, p. 428], [100, p. 108]) do not commit this error.
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Figure 6.1: The mapping of the four-point diagram for closed strings (left) to a compactified
worldsheet (topologically a sphere) in which each of the four original outgoing world tubes is
mapped to a marked point (right), via the conformal invariance of the worldsheet metric.

move that we focus in §6.2.

Finally, we must discuss string interactions. In string theory, the worldsheet metric hab is

invariant under local changes of scale

hab (τ, σ)→ Ω2 (τ, σ)hab (τ, σ) . (6.1.4)

This invariance allows us to make conformal rescalings of the worldsheet metric; this is useful

when evaluating string scattering amplitudes. For example, consider the four-point diagram

for closed strings, shown on the left of Figure 6.1.10 By making a suitable choice of Ω, this

diagram can be converted into the second diagram, in which the worldsheet is compact, the

holes in original the string worldsheet corresponding to external states are closed, and the

external string states now appear at marked points.11 After rescaling, at each marked point—

10Since we are now dealing with strings rather than point particles, we have tubes or sheets (depending on the
string topology: open or closed, respectively) rather than lines in the analogues of Feyman diagrams.

11For an extended discussion of this point, see [51, pp. 32ff.].
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i.e. at each string interaction vertex—there must appear a suitable local operator with quantum

numbers of the string state that was mapped to that point [51, p. 34]. This is a vertex operator,

and generically takes the form

VΘ (k) =

∫
d2σ
√
−hWΘ (τ, σ) eik·X (6.1.5)

for emission or absorption of string state of type Θ and momentum ka; WΘ is a polynomial in

Xa and its derivatives [51, pp. 34ff.].12 In particular, in the case where Θ is the graviton, we

must pick the associated Wgrav to saturate the two symmetric spacetime indices; the minimal

such operator is Wgrav = hab∂aX
a∂bX

bζab, for some ζab. Thus, we expect the vertex operator

for the graviton Vgrav (k) to read

Vgrav (k) =

∫
d2σ
√
−hhab∂aXa∂bX

bζabe
ik·X . (6.1.6)

This is understood as the vertex operator for emission or absorption of a graviton of wave-

function ζabeik·X , and is discussed further in §6.2.
12The reason for the factor eik·X is the following. As stated at [51, p. 35], though the operators WΘ transform

correctly under Lorentz transformations, we must also take account of spacetime translations. Under the global
symmetry Xa → Xa + aa in which the position of each string is shifted by a constant aa, the wavefunction of
an external state of momentum ka is multiplied by eik·a. The simplest quantum field operator that transforms
in this way under translations is eik·X , so we postulate that this factor is present for emission or absorption of a
string of momentum ka.
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6.2 Fields

6.2.1 Background Fields and Coherent String States

One might reasonably ask: How does one bridge the conceptual gap between fab, Bab and

Φ being excited states of a closed string, to these objects being background fields, in an ac-

tion such as (6.1.3)? Heuristic attempts to answer this question have been put forward by

e.g. Polchinski [100, p. 108] and Green, Schwarz and Witten [51, pp. 165-166]; let us con-

sider the approach of the latter. Focussing on the case of augmenting (6.1.2) with an fab (X)

piece (i.e. ignoring for the time being contributions from Bab and Φ),13 the authors of [51]

motivate the transition SP(η) → SP(η+f) by first supposing that the spacetime metric is

gab (X) = ηab + fab (X) , (6.2.1)

where fab (X)—treated as a perturbation—represents deviation from Minkowski spacetime.

The string worldsheet path integral associated to SP(η)—i.e. for a string in a Minkowski

background—is

Zη =

∫
DXaDhabe

−SP(η) , (6.2.2)

while that associated to SP(g) is

13As Huggett states [60, p. 7], dependency upon the Xa is now included so that the operator transforms
correctly under translations. Cf. footnote 12.
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Zg =

∫
DXaDhabe

−SP(g)

=

∫
DXaDhabe

−SP(η)

(
1 +

1

2π

∫
d2σ
√
hhab∂aX

a∂bX
bfab (X)

+
1

2

[
1

2π

∫
d2σ
√
hhab∂aX

a∂bX
bfab (X)

]2

+ . . .

)
.

(6.2.3)

The crucial step in the argument is then the following: the factor

Vf =
1

2π

∫
d2σ
√
hhab∂aX

a∂bX
bfab (X) (6.2.4)

appearing in the above is the vertex operator for the emission or absorption of a graviton with

wavefunction fab (X)!14 An insertion of Vf into the path integral (6.2.2) accommodates the

interaction of strings with an external graviton of wavefunction fab (X); an insertion of eVf

into (6.2.2) describes the interaction of such a string with a coherent state of gravitons, and

“this corresponds precisely to string propagation in the metric gab (X) = ηab + fab (X)” [51,

p. 166]15,16 As Huggett states, “A coherent state is very ‘unquantum’, in the sense that adding

and subtracting field quanta does not affect it” [60, p. 7];17 indeed, it is in this manner that

classical background fields arise in perturbative string theory.18

14As stated at [51, pp. 165-166], in (6.1.6) we considered only gravitons the wave functions of which are plane
waves, of the form ζabe

ik·X . However, “there is no reason not to consider a wavefunction instead that is a general
superposition of plane waves” – such as is the case for fab (X).

15Notation in this quotation has been modified for consistency with this thesis; there is no change in content.
16There exist questions in this vicinity regarding whether the full space of solutions of GR can be built up

from a linearised theory in the manner discussed here – see, for example, the classic work of Feynman [44], and
ensuing more modern discussions such as [89, 99]. In [123, p. 24], Smolin argues that it is not the case that one
can construct the full space of solutions of GR in perturbative string theory. Even if this were so, however, it
is unclear (absent some further argument) why this should be construed as a problematic. Indeed, in a parallel
manner, Barbour has argued that it is an advantage of his alternative programme to GR, shape dynamics, that
it has a more restricted space of solutions than GR, for this renders the theory “more predictive” (see e.g. [8]).
Though interesting, these issues shall here be set aside.

17See [60, §2] for an extended discussion of this point.
18Excluding the ηab field at this point – see the discussion below.
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On the basis of these results, Huggett and Vistarini conclude: [61, p. 1169]19

‘Background’ fields do not represent new degrees of freedom in addition to those

of string theory: they are not distinct primitive entities. Instead they represent

the behaviour of coherent states of string excitations: the quantum states, that is,

which describe classical field behaviour.

One must question whether this is strictly correct, for the metric field gab (X), constructed as

per (6.2.1), at this stage remains a composite object, consisting both of graviton excitations

fab (X), and an ontologically primitive background field ηab. In order to vindicate claims

such as the above, one must also account for the ηab field. In fact, however, to do so is

not straightforward. Naı̈vely, one might expand the e−SP(η) piece in (6.2.3),20 and attempt to

consider this also as a coherent state of gravitons. However, this move will not work, for the

ηab field, unlike the fab (X), is not trace-free.21

As a possible way out here, one might be tempted to argue as follows. When exploring the

closed string spectrum, the first excited state is decomposed into irreducible representations

of the transverse rotation group SO (D − 2), which are then understood to correspond to the

fab, Bab and Φ fields.22 However, there is no a priori reason why this decomposition must be

complete – suppose instead that the symmetric, trace-free piece fab and trace piece Φ are not

so split, so that one considers one first excited state of the closed string to transform under

SO (D − 2) as a massless, spin-two particle wab, with trace. Then, the vertex operator for this

19See also [60, §§2-3], and works by string theorists, such as [57, 121, 145].
20With respect to the e−SP(f) piece, i.e. run the same reasoning as above for this other term in the path integral.
21Pace Huggett and Vistarini [61, p. 1167], this is also true of a “general Lorentzian metric”. Note also that

speaking of such ‘general Lorentzian metics’ consisting in coherent string states overlooks possible complica-
tions arising out of the discussion in footnote 16.

22For details, see e.g. [17, pp. 49-50].
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object will read

Vw =
1

2π

∫
d2σ
√
hhab∂aX

a∂bX
bwab (X) , (6.2.5)

and therefrom a background Minkowski metric field ηab can—it is argued—be constructed,

via the above argument. Again, however, this approach faces problems, for even to identify the

first excited states of a closed string in this manner23 presupposes the existence of a Minkowski

spacetime metric field ηab (see e.g. [17, ch. 2]). Thus, it does not appear that one can run an

argument of this type without prior commitment to the existence of such a field. Consequently,

we conclude at this stage that more needs to be done to bring Huggett and Vistarini’s above

claim to fruition – and that any story that one does tell here will be non-trivial in nature.

6.2.2 Primitive Worldsheet Ontology

In spite of the above scepticism, it is interesting to consider what would follow if a string-

theoretic ontological reduction à la Huggett and Vistarini could successfully be carried out.

Supposing this to be so, it is the worldsheet metric hab that is fundamental, not the spacetime

metric gab. There exist two obvious attractions to this mode of thinking:

1. On this account, strings come first; familiar ontology is built up from string states with

no prior assumptions about spacetime of a ‘non-stringy’ nature.

2. The field hab is invariant under (6.1.4), so a string theory can be considered a two di-

mensional conformal field theory on the worldsheet. Thus, only conformal worldsheet

structure need be postulated.24 This means that less metric structure is required in string

theory than might be anticipated – see §6.3.
23And indeed in the standard manner, in terms of fab, Bab and Φ fields.
24In fact, recent work in the foundations of GR has demonstrated an analogous result in that case [21].
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6.2.3 Field Equations

Setting aside the above issues of ontological priority, we should now return to the question

of whether perturbative string theory qualifies as background independent. Here, Huggett and

Vistarini write the following: [61, p. 1169]

[I]n a central sense, string theory is background independent: the metric arises

from string interactions, rather than being stipulated a priori. Just like general

relativity, many solutions are possible, but matter and gravity have to satisfy a

mutual dynamics – except in string theory, there is no fundamental distinction

between the two, a significant ontological unification.

To see what is meant here, consider again a string propagating in background fields, as

per e.g. (6.1.3). As a worldsheet QFT, string theory is conformally invariant. It turns out—

remarkably—that this conformal invariance requires for consistency that the background fields

be dynamically coupled together in the Einstein field equations, plus higher order correc-

tions.25 Thus, the ‘background fields’ cannot be fixed after all—they must be dynamically

coupled via Einstein-type field equations.

6.3 Background Independence

In light of this result, let us return to our four definitions of background independence—Def. 5,

Def. 6, Def. 8 and Def. 10—in order to assess whether perturbative string theory qualifies as

background independent, as Huggett and Vistarini claim. For completeness, we carry out our

appraisals both at the level of spacetime fields, and at the level of worldsheet fields.

25For original sources on this result, see e.g. [22]; for textbook discussion, see [51, pp. 167ff.]; for a presenta-
tion in the philosophical literature, see [59, §3].
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Beginning with the former, the fields obey, as mentioned in §6.2.3, the dynamical equa-

tions of GR, plus corrections. For this reason, Def. 6 and Def. 10 are straightforwardly satis-

fied: as with GR, there are no fixed fields in the theory governing the dynamics of these fields;

moreover, there appears to be a one-one match between physical and geometrical degrees of

freedom.26 That being said, it is of course also the case that Def. 5 is not satisfied by these

background fields, for, as with GR (cf. §3.3.3), the square root of the metric determinant will

qualify as an absolute object in these theories. The situation regarding Def. 8 is a little more

subtle, for one must be clear on the relevant action in this case. This is not the worldsheet

action (6.1.3); rather, the fact that spacetime fields obey the Einstein equations plus correc-

tions means that there exists an action, variation of which yields these equations: simply the

Einstein-Hilbert action, plus corrections; this is the relevant action in this context. In such an

action, all dependent variables are subject to Hamilton’s principle, and there exist no unphys-

ical fields. Thus, again, it does appear that Def. 8 is satisfied.

Turn now to the worldsheet action (6.1.3).27 Here, again, there exist no fixed fields, abso-

lute objects, or non-variational fields, for both hab and the Xa are varied to yield associated

equations of motion (see e.g. [12, p. 27]). Though the fields gab, Bab and Φ might appear

to be fixed, from the worldsheet perspective these are viewed as functions of the Xa;28 thus,

they do not compromise background independence on Def. 5, Def. 6,29 or Def. 8.30 While

one might worry that the Xa fields violate the prohibition on unphysical fields in Def. 8, this

is not so – for these functions encode precise physical information on the spacetime location

of the string. In a parallel manner, while one might worry that the field hab is unphysical,

whether this is so will depend upon whether one considers hab a fundamental field (§6.2.2), or

26Modulo the potential problem cases for GR discussed in §3.5.4, which carry across to this context.
27Strictly, this is just one example of a string worldsheet action featuring background fields – however, the

analysis presented here carries across more generally.
28Which, as we saw in §6.2.3, obey precisely specifiable relations.
29Again remembering that we have not demonstrated that there does not exist any reformulation of the theory

which does involve fixed fields – which would pose a problem for Def. 6.
30Though initially we stated that ηab in (6.1.1) and (6.1.2) was considered to be a fixed field, in light of the

discussion in §6.2.3, it is better to view this field as one solution of the more general case. Thus, this field does
not compromise background independence.
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an auxiliary construction (§6.1) – on the former view, the field is physical; on the latter, it is

not. Whether one considers Def. 8 to be satisfied hinges upon this point.31

Finally, turn to Belot’s account. From the worldsheet point of view, it is natural to take

the field hab to constitute geometrical structure in the theory. But now recall again that it is

possible to eliminate hab from (6.1.2), to recover (6.1.1). In this case, one can envisage models

of perturbative string theory which differ in the Xa, so that the spacetime embedding of the

string is different, but with the same hab field on the worldsheet – and the most natural reading

of this situation is as a violation of Def. 10 – unless one can also argue that models which

differ solely in the spacetime location of the string are gauge-equivalent.32

31Since (6.1.2) is equivalent to (6.1.1), however, it may be possible to argue that even if hab is unphysical, its
presence does not compromise background independence on Def. 8 – for such appraisals should be made with
respect to the latter action.

32One might question this verdict on the grounds that the relevant issue from the worldsheet point of view
appears to be whether each non-equivalent cofiguration of geometrical structure on the worldsheet is considered
physically non-equivalent (recall Def. 10) – with the spacetime location of the worldsheet being irrelevant to
this appraisal. If this move is defensible, then perhaps there is room to argue that Def. 10 is not violated, in this
context.
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Chapter 7

Holography

Recently, it has been claimed that background independent gravity theories can be constructed

via so-called holographic dualities. The idea is that one begins with a Yang-Mills QFT, then

translates into the language of a gravity theory via the duality. In this chapter, we assess

whether the gravity theories so constructed are indeed background independent. The structure

is as follows. In §7.1, we introduce holographic dualities. In §7.2, we discuss two notions

of background independence due to de Haro et al. [25, 27], which have been proposed in this

context. In §7.3, we assess the background independence of such gravity theories: we find that

one’s assessment in this regard hinges upon the definition of background independence at play

– though there exists a majority verdict that such theories are background independent.

7.1 Holographic Dualities

The idea of holographic duality was first proposed by ’t Hooft in 1993 [56]. A holographic

duality exists when a theory defined on aD-dimensional spacetime (the ‘bulk’) is theoretically
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equivalent1 to a theory defined on a (D − 1)-dimensional spacetime that forms the boundary

of the bulk.2 Often, the bulk theory is a gravity theory, whereas the boundary theory is a

(quantum) gauge theory.3 In that case, a holographic duality is referred to as a gauge/gravity

duality. Such dualities are often not only mathematically striking, but also of practical value

to physicists;4 as a result, they are studied widely in contemporary mathematical physics.

Throughout this chapter, we use as a running example the best known case of gauge/gravity

duality: the AdS/CFT correspondence (first proposed by Maldacena in 1997 [79]), in which the

bulk theory is set in anti-de Sitter (AdS) spacetime,5 and the boundary theory is a conformal

field theory (CFT). One concrete example of this correspondence is that between type IIB

string theory6 on the ten-dimensional product spaceAdS5×S5—this being a putative quantum

theory of gravity—and N = 4 supersymmetric Yang-Mills theory7 on the four-dimensional

boundary of the AdS5 space—this being a supersymmetric CFT.8

Let us give further detail on bulk theories in the AdS/CFT correspondence. Importantly,

the low-energy approximation to the bulk equations of motion is given by Einstein’s equations

with negative cosmological constant, Gab + Λgab = 8πTab (Λ < 0) [27, p. 14]. For any space

which satisfies these equations, and given a conformal metric at infinity,9 the associated line

1See footnote 3 of §4.1.
2That the physics of the bulk is encoded in the boundary is reminiscent of holography, hence the appellation.
3Care regarding the meaning of ‘gauge theory’ is needed – typically, in the context of gauge/gravity duality,

what is meant are Yang-Mills theories, thereby excluding other candidate ‘gauge theories’ such as GR. (See [139]
for a discussion regarding the parallels between these two types of theory.)

4For example, it is often the case that the strong coupling regime of one theory—in which problems are hard
to solve by perturbative methods—can be translated into the weak coupling regime of its dual, in which problems
are more tractable. See e.g. [27, p. 3].

5By this, we mean a Lorentzian manifold 〈M, gab〉, the metric field gab for which is a solution to the vacuum
Einstein equations with negative cosmological constant, Gab + Λgab = 0 (Λ < 0).

6One of the five consistent superstring theories – see e.g. [12, pp. 8ff.], and footnote 6 of §6.1.
7N denotes the number of supersymmetry generators in a QFT.
8As de Haro states [25, p. 3], generically, neither is the bulk pure AdS, nor is the boundary theory exactly

conformal – it is sufficient that the bulk be asymptotically locally AdS and that the QFT on the boundary have a
fixed point. (Recall that in QFT, renormalisation group flow may take us to fixed points, which are CFTs.) This
is discussed further below.

9This being necessary for the formulation of the AdS/CFT correspondence.
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element can be written in the form10 [27, p. 15]

ds2 =
l2

r2

(
dr2 + gij (r, x) dxidxj

)
, (7.1.1)

where gij (r, x) is an arbitrary function of the radial coordinate, r. The remaining coordinates

xi (i = 1, . . . , d := D − 1) parameterise the boundary, which is of dimension d, and located

at r → 0.11 The conformal metric at the boundary is g(0)ij (x) := g (0, x). Solving Einstein’s

equations amounts to finding gij (r, x) given some initial data; because of the presence of a

timelike boundary, choosing a spatial Cauchy surface at some initial time does not completely

specify the problem [25, §2]. In addition, we must provide boundary conditions. gij (r, x) has

a regular expansion in a neighbourhood of r = 0 as

gij (r, x) = g(0)ij (x) + rg(1)ij + r2g(2)ij + . . . . (7.1.2)

The coefficients in this expansion, apart from g(0)ij and g(d)ij , are all determined algebraically

from Einstein’s equations. By contrast, the coefficients g(0)ij and g(d)ij are not so determined12

– these are the boundary data.13

10Originally computed in [40].
11See [27, §2].
12Only the trace and divergence of g(d)ij is determined from Einstein’s equations. [27, p. 15]
13We recover pure AdS space when g(0)ij (x) is chosen to be flat (cf. footnote 8). Though g(0)ij and g(d)ij are

a priori arbitrary and unrelated, there do exist relations between the two quantities – see [27, p. 15]. For original
sources, see [28, §2].
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7.2 Background Independence

It is sometimes claimed (e.g. [80, p. 61]) that a holographic duality can be used to define a

quantum gravity theory via the associated boundary theory.14 Assuming this can be done,

one must ask whether this quantum gravity theory manifests all necessary qualities of such a

theory, potentially including background independence. This question—are holographic bulk

theories background independent?—we address in §7.3. Before doing so, however, we discuss

two definitions of background independence due to de Haro et al., developed in the context of

gauge/gravity dualities [25–27].

7.2.1 Minimalist Background Independence

De Haro et al. define background independence in the minimalist sense as follows: [27, §6.2]

Definition 13. (Background independence, minimalist): A theory is background indepen-

dence in the minimalist sense if:

(a) There is a generally covariant formulation of the dynamical laws of the theory that does

not refer to any background metric (or background fields). ‘Dynamical laws’ is here

understood in terms of an action and a corresponding path integral measure; and ‘back-

ground’ refers to fields whose values are not determined by corresponding equations of

motion.

(b) The states and the quantities are invariant (or covariant, where appropriate) under dif-

feomorphisms, and also do not refer to any background metric.

Let us comment upon (a) and (b). Beginning with the former, de Haro et al. are explicit
14It is sometimes further claimed that the bulk theory emerges from the boundary theory – a notion subject to

criticism in e.g. [33, 129].
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that this criterion is to be understood as an extension of Def. 8 to quantum theories (see [27,

p. 19], [30, p. 3]). This becomes clear, once one recognises (I) the requirement of the existence

of a generally covariant action for the theory in question; (II) the prohibition of ‘background

fields’ – which are intended to be understood as those fields which violate (i) and (ii) in

Def. 8; and (since we are now dealing with quantum theories – see §5.2) (III) the inclusion of

a requirement that the path integral measure not make reference to any background fields.

One worry does, however, exist regarding the overlap between ‘background fields’ in the

sense of (a) in Def. 13, and fields which violate (i) and (ii) in Def. 8. As stated above, ‘back-

ground field’ refers only to “fields whose values are not determined by corresponding equa-

tions of motion” – and this coincides only with (i). Values of fields such as Θabcd in the case of

SR2 are “determined by corresponding equations of motion”, so this field does not qualify as

a ‘background field’, meaning that (a) is satisfied in the case of SR2. As we saw in §3.4.2, this

is intuitively the incorrect result. This suggests that (a) in Def. 13 should be fixed to include a

prohibition on ‘unphysical fields’, à la (ii) in Def. 8. Once such an amendment is made, (a) in

Def. 13 can be understood as a reformulation of Def. 8 in the context of quantum theories.

Now consider (b); as stated at [27, p. 19], this condition is “novel”. The first thing to

note here is that “states and quantities” is understood to mean physical states and quantities –

i.e., in the language of §2.1, those encoded exclusively in the elements of K̃ of the theory in

question.15 The second thing to note about (b) is that it carries a tacit restriction to relevant

diffeomorphisms [25, p. 16] – by which are meant those diffeomorphisms understood to be

gauge transformations. With this in mind, (b) can be read as follows: ‘Physical states and

quantities must be invariant under diffeomorphisms understood to be gauge transformations.’

Having been re-posed thus, one may ask of (b): In what sense is this condition relevant to

the notion of background in a physical theory? To answer this question, one must recognise

that, for de Haro et al., minimalist background independence is “a necessary requirement

15For a more precise definition of ‘states and quantities’, see [29, §3.2].
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on any theory of quantum gravity which wishes to reproduce general relativity in the semi-

classical limit” [30, p. 3]. Part of such a requirement is that physical quantities be invariant

under those diffeomorphisms understood to be gauge transformations – thus justifying the

inclusion of (b). Since, however, the notion of background independence discussed in this

thesis regards the presence of ‘background structure’ in a theory, rather than compatibility

with GR in the above sense, (b) can largely be set aside in our analyses.16

7.2.2 Extended Background Independence

In addition to Def. 13, de Haro et al. introduce extended background independence:17

In the extended sense of [background independence], the initial or boundary con-

ditions are also to be dynamically determined. This would be the case in a theory

with either no boundary conditions at all, or boundary conditions which are deter-

mined by the dynamical equations.

Thus, extended background independence captures the desideratum that “boundary condi-

tions should be obtained dynamically rather than by stipulation” [25, p. 7]. Extended back-

ground independence is manifestly in line with Smolin’s requirement that all ‘background

structures’ ultimately be excised from our physics (see e.g. [122, p. 204]).

16Though, for completeness, we do assess whether (b) is satisfied by bulk theories in holographic dualities.
Note also that this is not to question the value of the programme of de Haro et al.

17This quote from [30, p. 4]; see also [25, §2].
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7.3 Background Independence and Holography

7.3.1 Minimalist Background Independence

Do bulk theories in AdS/CFT dualities satisfy Def. 13? At the classical level, we have seen

in §7.1 that the dynamical equations of these theories are Einstein’s equations with negative

cosmological constant; these can be derived from a generally covariant action. Moreover, as

de Haro states, “adding (string-theoretical) classical matter fields does not change this pic-

ture: since these contribute covariant terms to the equations of motion” [25, p. 5]. Indeed,

even adding quantum corrections does not alter this verdict, for “In the full quantum version

of AdS/CFT, quantum corrections manifest themselves as higher-order corrections in powers

of the curvature to the classical action. These are generally covariant as well.” Since none of

these correction terms involve fields which violate (i) and (ii) in Def. 8, one might conclude

that such bulk theories do satisfy (a) of Def. 13.18

This being said, one must recall here subtleties regarding theories with boundary condi-

tions, discussed in §3.4.2 in the context of Def. 8. First, let the KPMs of the bulk theories (for

simplicity, considered here at the classical level) be the KPMs of vacuum GR, with negative

cosmological constant. Let the DPMs be those KPMs which satisfy Einstein’s equations; and

let the choice of boundary conditions—fixed by g(0)ij and g(d)ij—fix a B ⊂ K.

At this juncture we face three interpretive options, depending upon how a theory is de-

fined. First, one may state that a theory plus boundary conditions is not itself a new theory;

background independence of a theory plus boundary conditions should be assessed with re-

spect to D ⊂ K. Second, one may consider the B picked out by the boundary conditions to

specify the KPMs of a new theory. Then, background independence should be assessed with

respect to whether the dynamical laws which pick out D ∩ B ⊂ B can be obtained as per

18In addition, these corrections do not lead to violations of Def. 13 at the level of the path integral measure.
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Def. 8. Third, one may impose boundary conditions at the level of dynamics; background

independence should then be assessed with respect to whether the dynamical laws which pick

out D ∩ B ⊂ K can be obtained as per Def. 8.19

In the first of these cases, since GR is background independent on Def. 8, it is clear that the

bulk theories in question are also background independent in this sense, and so satisfy (a) of

Def. 13. As we saw in §3.4.2, in the second case, the definition of background independence

is also satisfied by these theories with boundary conditions, for the very same action principle

suffices to pick out D ∩ B, when KPMs are restricted to B. On the third conception, however,

it is prima facie unclear whether such theories will satisfy Def. 8, and so (a) of Def. 13, for it

is unclear whether there exists an action principle which picks outD∩B ⊂ K. While de Haro

argues that, since boundary conditions must be imposed20 in every element of D for the bulk

theories in question, it is not correct to regard each choice of boundary conditions as picking

out a different theory (thereby favouring the first interpretive route above) [30, pp. 2, 9], what

we wish to highlight here is that there does exist room in logical space to make an alternative

move, on which Def. 8, and so (a) of Def. 13, may be violated.

In any case, turn now to (b) in Def. 13. Following [25, §2.3.3], distinguish:

(a1) Diffeomorphisms which preserve the asymptotic form of the metric;

(a2) Diffeomorphisms which change the conformal class of the asymptotic metric.

Furthermore, within (a1), distinguish:

(a1)-1 Diffeomorphisms which preserve the boundary metric (i.e. the representative of the

conformal class).
19See §3.4.2.
20I.e. g(0)ij and g(d)ij must be specified.
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Figure 7.1: The action of diffeomorphisms of types (a1)-1, (a1)-2, and (a2) in the space of
models of a bulk theory in an AdS/CFT duality.

(a1)-2 Diffeomorphisms which do not preserve the boundary metric (i.e. they do not preserve

the representative of the conformal class, though they preserve the conformal class) –

these are conformal transformations.

Let us attempt to visualise these different types of diffeomorphism. As we have seen, “in

order to obtain a solution of the equations of motion of general relativity in spaces with a

negative cosmological constant, boundary conditions need to be specified” [30, p. 2]. Hence,

for the case in which the theory in question is GR with negative cosmological constant, to

pick out any point in D, one must specify boundary conditions. Now, choose one such point

inD. Then, call the class of models which obey the same boundary conditions B, and the class

of models which have the same conformal class of boundary conditions C. The picture that

emerges is as per Fig. 7.1.21 On this setup, transformations of type (a1)-1 keep us in B; generic

transformations of type (a1)-2 take us to a point out of B but still in C; and transformations of

type (a2) take us to a point out of B to a point in D and not in C.

21Here, by extension from Fig. 2.1, we draw B and C overlapping the border of D, to allow for the possibility
that the fields of the theory may obey some other dynamics yet nevertheless satisfy the same boundary conditions
– though this possibility will not be relevant in what follows.
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While de Haro adopts a standard view of diffeomorphisms of type (a1)-1 as relating gauge-

equivalent models,22 he also endorses a line according to which diffeomorphisms of type (a2)

relate physically inequivalent models [25, p. 6]. The situation regarding diffeomorphisms of

type (a1)-2 is more subtle. As discussed at [25, §2.3.3], for odd d, bulk theories manifest

asymptotic conformal invariance; as a result, physical quantities are invariant under transfor-

mations of type (a1)-2. For even d, however, “the asymptotic conformal invariance is broken

by the regularisation of [a] large-volume divergence. ... As a consequence, physical quantities

such as the stress-energy tensor ... no longer transform covariantly, but pick up an anomalous

term” [25, p. 7]. This is the diffeomorphism anomaly.

What should one make of these results? First, if, in line with De Haro, one regards diffeo-

morphisms of type (a2) as not being gauge transformations, then it is clear that these trans-

formations are not relevant in the sense of §7.3.1. Therefore, the fact that physical states and

quantities are not preserved under such transformations does not lead to a violation of (b).

Similarly, if diffeomorphisms of type (a1)-2 in the case of even d are not regarded as gauge

transformations, then they are also excluded from consideration in assessments of whether (b)

in Def. 13 is satisfied – so the fact that physical states and quantities are not preserved under

such transformations again presents no violation of this condition. This, indeed, is the pre-

ferred move of de Haro et al. [25,27,29,30].23,24 Thus, one can tell a plausible story regarding

the satisfaction of Def. 13 by bulk theories in AdS/CFT dualities.25

Finally, it is worth commenting on whether bulk theories in AdS/CFT dualities satisfy ex-

tended background independence, as presented in §7.2.2. De Haro points out that the straight-

forward answer here, as with GR, is no, for boundary conditions in such theories are not

dynamically determined [25, §2.3.4]. As de Haro argues, however, this result should not be

22Pace Belot – see §2.2.
23Note that such a move is not possible on the interpretational approach to symmetries, presented in §2.1.
24One might (legitimately) worry, however, that de Haro’s making this move post facto is too easy, and that

some prior demarcation of which transformations qualify as physical is required.
25Though, of course, if one does maintain that diffeomorphisms of type (a1)-2 in the case of even d are gauge

transformations, then (b) in Def. 13 is violated.
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construed as problematic, for extended background independence is best considered a heuristic

desideratum on a quantum gravity theory, rather than as a necessary condition [25, §2.3.4].26

7.3.2 Other Approaches

Above, we have seen that there is a plausible route to arguing that Def. 13 is satisfied by bulk

theories in AdS/CFT dualities – and since, as stated in §7.2.1, (a) in Def. 13 is understood as

a reformulation of Def. 8 in the sense of §5.2, Def. 8 is also satisfied by these theories. This

being the case, turn now to Def. 5, Def. 6, and Def. 10. On Def. 5 and Def. 6, it is clear that

evaluations of bulk theories with respect to these definitions must be made on a case-by-case

basis. Nevertheless, none of the best-known bulk theories in AdS/CFT dualities—understood

as classical theories plus quantum corrections—involve fixed fields;27 this is good prima facie

evidence that Def. 6 is satisfied by these theories.28

Turn now to Def. 5. Here, the bulk theories under consideration do not satisfy this defini-

tion, for these theories can be understood as vacuum GR with negative cosmological constant,

plus corrections. However, recall from §3.3.3 that GR itself was found to have an absolute

object – the square root of the metric determinant; given this, one naturally also expects these

bulk theories to manifest an absolute object. This, indeed, is exactly the same point that was

made in the context of perturbative string theory, in §6.3.

Finally, consider Belot’s account of background independence. To establish which of the

definitions in §3.5.2 is satisfied by bulk theories in AdS/CFT dualities, first recall that Belot

understands boundary conditions to be part of the definition of a theory;29 this permits him to

26In this thesis, unlike de Haro, we leave open whether any account of background independence is strictly a
necessary condition on a quantum gravity theory.

27See e.g. [3].
28Moreover, since these theories can be understood as GR plus corrections, there also exists reason to suppose

that alternative formulations of these theories featuring fixed fields do not exist – cf. §3.4.1.
29Accordingly, Belot can be understood as following either the second or third interpretative branch above.
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disregard diffeomorphisms which do not preserve specified boundary conditions (e.g. those of

type (a1)-1 and (a2)). Then, Belot states that non-trivial diffeomorphisms of type (a1)-1 do

not relate physically equivalent models. Making the analogous interpretation in the case of

bulk theories, we see that such theories should also qualify as nearly background independent,

for the quotient of the group of all diffeomorphisms by the group of diffeomorphisms which

act trivially on the boundary conditions is again finite-dimensional. On the other hand, if

one follows de Haro in regarding all diffeomorphisms of type (a1)-1 as relating physically

equivalent models, then one will—by analogy with the discussion in §3.5.3—consider bulk

theories to be fully background independent.

7.4 Coda

Having assessed the background independence of bulk theories in AdS/CFT dualities, we

close by considering some further issues related to the above discussion. In §7.4.1, we return

to the issue of the definition of general covariance (cf. §3.1), in light of comments made

at [25, p. 7]. In §7.4.2, we assess whether one can exploit holographic dualities to render

background independent theories which are prima facie background dependent.

7.4.1 General Covariance

At [25, p. 7], de Haro et al. claim that the presence of the diffeomorphism anomaly “con-

tradicts the claim, often seen in discussions of background independence (and going back to

Kretschmann’s objection to Einstein’s claims that general covariance selected general relativ-

ity), that ‘any’ theory can be given a manifestly covariant formulation” (see also [27, p. 21]).

This is questionable, as it appears to conflate the trivial notion of general covariance discussed

in §3.1, with more substantive notions, such as diffeomorphism invariance (see §3.2).
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Since a bulk theory typically will be formulable in the coordinate-free language of differ-

ential geometry (notwithstanding the diffeomorphism anomaly), such a theory can be made

generally covariant in the trivial sense. On the other hand, it is true that the diffeomorphism

anomaly breaks the diffeomorphism invariance of the theory. It is wrong, however, to conflate

these two senses of ‘general covariance’, and thereby to conclude that the diffeomorphism

anomaly provides a counterexample to the Kretschmann point.30

7.4.2 Inter-Theory Translation and Background Independence

As a second point of interest, let us reflect on the possibility of inter-theory translation between

the CFT and the bulk in an AdS/CFT duality. Suppose we accept that the bulk theory in such a

duality is background independent. As de Haro states, the CFT, by contrast, violates Def. 13 of

background independence, not least because in this theory “the metric field is not determined

by the equations of motion” [25, p. 7] – thereby violating (a).

Given this, we appear to have in our possession a duality according to which one of the

theories is background independent, and the other is not. In itself, this is an interesting re-

sult. One might, however, go further, by claiming that the CFT can be rendered background

independent via holography (see e.g. [117, p. 7]).31 Here, however, we urge caution: the two

dual theories are a priori very different, and (absent an overarching theory in which degrees of

freedom of both can be defined, or some story regarding how just one of the theories is meta-

physically privileged – see e.g. [105]) should be evaluated on their own terms.32 If one follows

this mantra, then one cannot straightforwardly regard the CFT as being rendered background

independent via the holographic duality.

30For related discussion regarding conflating these two different senses of general covariance, see [99].
31In a sense, this is the reverse of the claim often found in the literature that a quantum gravity theory—here,

the bulk theory—emerges from the CFT, via the holographic duality. For critical discussion, see e.g. [129].
32C.f. §§4.2.3, 4.3.2.
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Chapter 8

Conclusions

In this thesis, we have presented four definitions of background independence: Def. 5 (in terms

of the absence of absolute objects), Def. 6 (in terms of the non-existence of theory formulations

featuring fixed fields), Def. 8 (in terms of variational principles), and Def. 10 (in terms of a

coincidence of geometrical and physical degrees of freedom in a theory). Although all such

approaches to background independence face difficulties (§3), we have followed a pluralistic

approach, applying such definitions in parallel in order to attain verdicts on the background

independence of various spacetime theories.

In the classical case (§4), we found that while NG and NCT are background dependent,

there exists a majority verdict that TPG and KKT are background independent (modulo sub-

tleties); moreover, we argued that such theories should not simply be understood as refor-

mulations of GR. Thus, background independence cannot be a defining feature of GR. In the

quantum case (§§6, 7), we found that the majority verdict is that perturbative string theories

and bulk holographic theories are background independent (again, modulo subtleties). Thus,

even those who subscribe to background independence being a necessary quality of a quantum

gravity theory should not be deterred from the study of these theories.
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Possible extensions abound. On the one hand, definitions of background independence

such as that due to Gryb [52] have been overlooked. On the other hand, there exist several

classical and quantum gravity theories—most notably shape dynamics [8] and loop quantum

gravity [114,116]—for which a detailed analysis in the style of the above has yet to be pursued.

Since many of the claims to the effect that background independence is a necessary quality of

a quantum gravity theory issue from the progenitors of such theories,1 such work is of manifest

importance. Our hope is that the systematic, precise nature of the above work be a guide for

future research in this field.

1E.g. [113, 114, 123, 124].
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