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Abstract

General relativity is often interpreted as describing a four-dimensional spacetime
“substance” whose metric curvature constitutes the gravitational field. This substan-
tivalist reading underlies familiar conceptual pictures: spacetime as a container for
matter, curvature as deformation of a medium, gravitational waves as ripples prop-
agating through a fabric, and the cosmological constant as energy stored in empty
space. Yet these interpretations conflict with the mathematical structure of the theory
itself. Diffeomorphism invariance, background independence, the absence of local grav-
itational energy, the nature of singularities, the behavior of radiation in vacuum, the
alignment of inertial and gravitational mass, the origin of temporal asymmetry, and the
persistent failure to quantize the metric all suggest a different ontology. In this paper
I articulate a coherent relational interpretation of general relativity. On this view, the
manifold is a representational scaffold, the metric encodes relational structure rather
than properties of a substance, curvature expresses relational dynamics, and the Ein-
stein equation is a global consistency condition on that structure. I argue that many
of general relativity’s celebrated “paradoxes” arise only under a substantivalist ontol-
ogy, and that a relational reading dissolves them without altering the mathematics.
The resulting framework presents spacetime not as a thing but as an evolving order
of relations—a perspective that clarifies the conceptual foundations of gravitation and

opens a path toward a relational understanding of quantum gravity.
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1 Introduction

General relativity (GR) is both one of the most empirically successful theories in the history
of physics and one of the most conceptually perplexing. Its equations describe gravitation not
as a force but as a manifestation of spacetime geometry. Yet what “spacetime” is supposed to
be remains deeply contested. The common pedagogical and popular images—spacetime as a
flexible fabric, curvature as deformation, gravitational waves as ripples—suggest a substance-
like medium with intrinsic properties. These images, while heuristically powerful, sit uneasily
with the formal structure of the theory.

Mathematically, GR is formulated on a smooth four-dimensional manifold M equipped
with a Lorentzian metric g, and matter fields whose collective behavior is encoded in T,.
The Einstein field equation

Gap, = 87Ty, (1)

relates the curvature of the metric to the stress—energy of matter. But this formulation
contains features that resist substantivalist interpretation. Diffeomorphism invariance im-
plies that manifold points lack intrinsic identity; background independence denies any fixed
geometric structure; and the obstruction to defining a local gravitational energy density
challenges the idea that the metric is a physical field analogous to electromagnetism.

A growing body of philosophical analysis has highlighted these tensions. Yet the field
lacks a unified account of GR’s ontology that simultaneously respects its mathematical in-
variances and resolves its conceptual paradoxes. This paper develops such an account. I
argue that GR, taken at face value, is best understood as describing a relational spacetime:
a structure in which events have no identity apart from the metrical, causal, and dynamical
relations encoded by the fields defined on M. The manifold serves as a representational
scaffold; the metric encodes relations among events; and curvature expresses the evolution
of this relational structure.

The purpose of the paper is not merely to advocate relationalism but to show that a
relational interpretation dissolves a series of well-known paradoxes that arise under sub-
stantivalist readings. These include the non-localizability of gravitational energy, the status
of singularities, the nature of gravitational radiation in vacuum, the cosmological constant
problem, the origin of inertia, the arrow of time, and the obstruction to quantizing gravity. I
argue that each paradox arises from imposing substance-like expectations on a theory whose
mathematics supports only relational structure. A relational reading preserves empirical
content while restoring conceptual coherence.

The paper proceeds as follows. Section 2 articulates the formal structure of general

relativity and develops the minimal ontology suggested by its mathematical invariances.



Section 3 examines diffeomorphism invariance and background independence, showing how
these features undermine substantival interpretations of spacetime. Section 4 analyzes a
cluster of paradoxes that arise when GR is read through a substance ontology, including
the non-localizability of gravitational energy, the status of singularities, vacuum curvature,
the cosmological constant problem, inertia, temporal asymmetry, and the obstruction to
quantizing gravity. Section 5 offers a systematic relational reinterpretation of these same
phenomena, dissolving the paradoxes by treating the metric and curvature as relational

structure rather than as properties of a spacetime substance.

2 The Minimal Ontology of General Relativity

This section develops the ontological commitments minimally required by the formalism of
general relativity (GR). The aim is not interpretive innovation but conceptual clarification:
we begin from the standard presentation of a relativistic model as a triple (M, gup, Tup)
and ask what, if anything, these structures describe as the basic furniture of the world.
Section distinguishes two broad ontological readings—substantival and relational-—and
prepares the ground for later sections, which argue that the relational interpretation more

faithfully reflects the invariant content of the theory.

2.1 Substance and Relation

Interpretative debates in general relativity have long been framed by two ontological options.
On a substantival view, spacetime is a four-dimensional entity with intrinsic identity; the
metric encodes its geometric properties, and fields are attributes instantiated at its points.
On a relational view, spacetime is not a substance but a structured order of events, with
manifold points individuated only by the network of metric and matter-field relations defined
up to diffeomorphism.

Relational ideas have antecedents in the point-coincidence view of Einstein, in struc-
turalist interpretations of Stachel and Weatherall, and in various Machian and dynamical
accounts. These approaches typically target specific phenomena—diffeomorphism invari-
ance, the hole argument, or inertial structure—rather than providing a unified ontology for
the full formal apparatus of GR. The present work builds on this tradition while differing
in scope: it derives a relational ontology directly from the invariant content of the Einstein
equations and applies it systematically across the major conceptual tensions of the theory.

Nothing in the mathematics forces either ontology. Substantivalists may treat diffeomor-

phisms as mere representational redundancy; relationalists may take them to reveal that



only diffeomorphism-invariant relational structure is physically meaningful. The guiding
question is therefore methodological: which ontology best captures the symmetries and ex-
planatory structure of GR and yields the most coherent account of its apparent paradoxes?
The remainder of this section begins from the formal structures (M, g.p, Top) and shows why
a minimal relational interpretation provides the most stable reading of the theory’s invariant

content.

2.2 The Manifold as an Index Set

The starting point of any relativistic model is a smooth four-dimensional manifold M. Sub-
stantivalists often take this structure to supply the basic ontological arena in which fields
and processes occur. Yet the manifold, considered on its own, contains no physical structure.
Its points possess no metric properties, no durations or distances, no causal order, and no
dynamical features. Removing all fields from M yields an object that is topologically and
differentiably nontrivial but physically inert.

This observation undermines the first step of a substantival ontology. If spacetime were
identical with the manifold, we would be committed to a “substance” whose points have no
intrinsic physical character beyond their position in an undifferentiated set. But such bare
points cannot play any physical role: nothing in the manifold distinguishes timelike from
spacelike separation, identifies which events can influence which, or determines the possible
trajectories of matter. All physically meaningful structure arises only once fields are defined
on M.

The manifold therefore functions as representational scaffolding rather than as a physical
container. It provides the mathematical domain on which the metric and matter fields are
specified, but it does not itself constitute spacetime. Treating M as the bearer of physical
properties mistakes an abstract index set for the structure it is used to represent. A minimal
ontology must therefore locate spacetime not in M alone, but in the relational structure

introduced by the fields upon it.

2.3 The Metric as Relational Structure

Physical structure enters a relativistic model with the Lorentzian metric g,. The metric
determines which pairs of events are timelike, spacelike, or null; it fixes the light cones
and thereby the causal order; it defines proper times along worldlines and distances along
spacelike curves; and, through its curvature, it governs the geodesic structure on which
gravitational dynamics depend. In short, every determinate physical feature of spacetime

arises from the relational information encoded by ¢,.



Yet the metric does not endow manifold points with intrinsic properties. The value of g4
at a point does not individuate that point independently of the relations it bears to others:
it specifies only how infinitesimally nearby events are related in terms of interval structure
and causal orientation. No physical attribute attaches to a point prior to or independently
of these relational roles. What the metric provides is a rule for generating a web of relations
among events, not a catalogue of properties instantiated at primitive locations.

This yields an ontological fork. On a substantival view, the metric is a property of a
spacetime medium-—a geometric feature of a four-dimensional substance. On a relational
view, the metric is the structure that is spacetime: a relational operator assigning intervals,
causal order, and geodesic relations among events. The formalism itself does not assert that
Jap is a property of a substance; it merely encodes relations. Indeed, the fact that diffeo-
morphisms can alter the pointwise presentation of g,, without affecting any of its physical
implications (a fact developed in Section |3) already suggests that individual points do not
carry metric properties intrinsically.

The minimal conclusion is that the metric field furnishes relational structure rather than
substantial property. It turns the manifold from a purely formal index set into a world of
physically ordered events, but it does so by specifying relations among those events, not by

attributing independent geometric qualities to the points themselves.

2.4 Stress—Energy as Structured Activity

Matter enters the formalism of general relativity through the stress—energy tensor 7y, whose
components encode energy density, pressure, stress, and flux relative to local observers. It
is natural, on a substantival picture, to regard these quantities as properties of “stuft”
occupying regions of spacetime. But this interpretation presupposes a container in which
matter is located and thereby risks reintroducing the very background structure GR denies.

In the field-theoretic formulation of GR, T, represents not properties of substances situ-
ated in spacetime but patterns of dynamical activity. Scalar, vector, and tensor fields evolve
according to equations of motion whose solutions determine the distribution of energy—
momentum. The entries of Ty, therefore track how these fields interact and propagate, not
how pieces of matter occupy an independent geometric medium. Crucially, the stress—energy
tensor is defined only relative to the metric: its divergence-free condition V®T,, = 0 expresses
compatibility with the geometric structure, not an independent law governing the flow of a
substance.

This relational reading is reinforced by the Einstein field equation,

Gab = 87TTab.



On a substantival interpretation, this equation describes how one substance (matter) deforms
another (spacetime). But the equation itself contains no such dualism. G, encodes the
curvature of the metric—that is, the pattern of relational structure among events—while
T, encodes the pattern of dynamical activity within that same structure. The equation is
therefore a mutual consistency condition between two aspects of a single relational order:
the geometry that constrains matter and the matter that constrains geometry.

The upshot is that GR does not describe matter as independently existing “stuff in space”
but as structured activity within a relational geometry. Stress—energy is part of the same
web of relations that constitutes spacetime, not an additional substance situated within a

pre-existing arena.

2.5 Minimal Relational Ontology

The foregoing analysis yields a minimal ontological reading of general relativity. The theory
describes a world whose fundamental content consists of events and the metrical, causal,
and dynamical relations among them. The manifold functions only as representational scaf-
folding; it carries no physical structure of its own. The metric encodes the relational order
that constitutes spacetime, and the stress—energy tensor details patterns of dynamical ac-
tivity within that order. Nothing in the formalism requires, or even meaningfully supports,
a spacetime substance with intrinsic identity. GR’s basic structures thus commit us not to
a geometric medium but to a relational field of dependencies among events, within which

geometry and matter arise as mutually constraining aspects of a single relational system.

3 Diffeomorphism Invariance and Background Inde-

pendence

3.1 From Minimal Relational Ontology to Symmetry Constraints

Section [2] established that the basic structures of general relativity suggest a relational read-
ing: the manifold provides only representational scaffolding, while the metric and matter
fields encode the physical relations among events. This section examines two central sym-
metries of the theory—diffeomorphism invariance and background independence—and shows
that they sharpen this relational picture into an ontological constraint.(cf. Wald, |1984; Mala-
ment, 2012))

Neither symmetry is a mere technical feature. Diffeomorphism invariance challenges

the idea that manifold points possess intrinsic identity and forces a distinction between



representational redundancy and physical content. Background independence eliminates
the possibility of a fixed geometric stage (e.g. Stachel, 1989; Earman and Norton, |1987)
and thereby destabilizes any ontology in which spacetime is a substance with determinate,
non-dynamical structure. Taken together, these symmetries imply that the ontology of GR
cannot consist in a set of self-identifying points embedded within a pre-existing geometric
medium. What remains invariant, and thus what the theory treats as physically real, is the

relational structure encoded by the fields up to diffeomorphism.

3.2 Diffeomorphism Invariance and the Identity of Points

General relativity is invariant under diffeomorphisms: smooth, invertible maps ¢ : M —
M. In the passive view, a diffeomorphism corresponds to a change of coordinates, leaving
the fields fixed while altering their coordinate representation. This expresses the familiar
requirement that physical content cannot depend on labeling conventions.(see Wald, |1984;
Malament, [2012])

The active view is conceptually deeper. Here, ¢ maps each point p € M to ¢(p) and
drags the fields along via pullback:

Gab ¢*gaba Tab = qb*Tab-

The result is a new field configuration on the same manifold. Since the Einstein equations
are diffeomorphism-invariant, the transformed triple (M, ¢*gap, ¢*Top) is again a solution.

Thus the formal content of the theory identifies
(M, gabs Tap) ~ (M, " gap, 9" Tup)  for all ¢ € Diff (M),

as representing the same physical situation.(cf. |Stachel, 1989; Weatherall, 2018)

This equivalence class structure forces a choice about ontology. If manifold points pos-
sessed intrinsic identity, then the two models would describe different worlds: the fields would
take different values at the same points. But GR treats them as physically indistinguishable.
To uphold point-substance, one must therefore accept a radical metaphysical indetermin-
ism: infinitely many distinct physical worlds correspond to the same empirical data. Since
nothing observable distinguishes them, this indeterminism is purely representational.

The alternative, and the standard resolution, is to deny that manifold points have physi-
cal identity independent of the fields. What is physically real is not the assignment of values
to particular points of M, but the relational structure encoded by the metric and matter

fields up to diffeomorphism. “Locations in spacetime” are therefore positions in this rela-



tional structure, not bare elements of the manifold. Events are individuated structurally,
through their metric, causal, and matter-field relations, rather than through any underlying
"thisness” of points.

Taken seriously, diffeomorphism invariance thus undermines point-substantival ontology.
It treats the manifold as a representational device and identifies the physical world with
equivalence classes of field configurations under Diff(M). This is already a major step

toward a relational ontology.(see also Earman and Norton, [1987; |Stachel, [1989))

3.3 The Hole Argument

The hole argument sharpens the ontological tension introduced by diffeomorphism invari-
ance.(Earman and Norton, [1987) Let (M, gu, Typ) be a solution to the Einstein field equation,
and let H C M be an open region in which the stress—energy tensor is either unconstrained
or identically zero. Choose a diffeomorphism ¢ : M — M that is the identity outside H but
nontrivial within it. Because the equations are diffeomorphism-invariant, the transformed
triple

(M, ¢" gap, 9" Tup)

is also a solution. The two models agree everywhere outside H, disagree inside H, and
yet are empirically indistinguishable. No observable quantity constructed from curvature
scalars, causal structure, or matter fields distinguishes them.

On a substantival ontology, the two models represent different physical possibilities: they
assign different geometric and matter-field values to the very same manifold points in H.
Given identical data outside the hole, the theory would leave it indeterminate which assign-
ment holds within. Substantivalism therefore implies a form of non-empirical underdetermi-
nation or metaphysical indeterminism: infinitely many distinct worlds are compatible with
all physical evidence. This indeterminism arises solely from the assumption that manifold
points possess intrinsic identity prior to the fields defined on them.

The standard response is to reject that assumption. If manifold points lack intrinsic
identity, then (M, gap, Tap) and (M, ¢*gap, ¢*Tap) do not describe different worlds; they are
merely different representations of the same relational structure. The apparent difference
within H is a difference only in labeling, not in physical content. The hole argument thus
forces a choice: accept unobservable indeterminism or treat diffeomorphism-related models
as physically identical. The latter option identifies events by their relational roles—metric,
causal, and dynamical—rather than by their position in the bare manifold.

The lesson is clear. GR does not individuate spacetime points independently of the fields;

the identity of events is structural. The hole argument therefore reinforces the relational



ontology already suggested by the minimal analysis of Section [2] and the symmetry structure
examined in Section [3.2] (cf. [Stachel, [1989; [Weatherall, [2018)

3.4 Background Independence

General relativity departs most sharply from earlier spacetime theories in its treatment of
geometry. In Newtonian mechanics and special relativity, the metric—whether Euclidean,
Galilean, or Minkowskian—is fixed. It constrains the behavior of matter but is not itself
affected by that behavior. These background structures define absolute notions of distance,
duration, and causal order that persist regardless of the physical processes occurring within
them. They constitute, in effect, an ontological stage: a geometric substrate that exists
with determinate structure independently of the actors upon it.(for discussion |Norton, 1993}
Rickles| 2006))

GR contains no such immutable structure. The metric g, is a dynamical field governed
by the Einstein equation. Its curvature depends on the distribution of stress—energy, and
its evolution influences—and is influenced by—matter fields. No geometrical framework is
fixed in advance; even the causal structure of the world varies with the metric. This is the
formal content of background independence: the absence of geometric structure that remains
invariant across all physically admissible solutions.(cf. Rovelli, 2004])

The ontological implications are direct. If spacetime were a substance, one would expect
it to possess intrinsic geometric features prior to, and independent of, the fields defined on
it. But in GR there is no such fixed geometry. The metric’s identity is inseparable from the
relational configuration it encodes. A “spacetime substance” whose essential properties alter
with every change in matter distribution is no substance in the classical sense; its would-be
intrinsic structure is entirely determined by dynamical fields. Coupled with diffeomorphism
invariance, which denies manifold points any intrinsic identity, background independence
leaves nothing to play the role of an autonomous geometric medium. What remains phys-
ically fixed across models is not a background but the diffeomorphism-invariant relational
structure.

Thus background independence, like the hole argument, pushes toward a relational ontol-
ogy. GR does not describe physics evolving within a pre-given geometric arena. It describes
geometry itself as a pattern of evolving relations, constrained by and constraining the activ-
ity of matter. Any ontology that posits a geometric substrate over and above these relations
must introduce structure with no independent physical function. The more economical and
explanatorily coherent view is that the relational structure is all there is.(see Rovelli, 2004}
Rickles| 2006))



The analysis of diffeomorphism invariance and background independence narrows the
range of coherent ontological interpretations available for general relativity. If manifold
points lack intrinsic identity, then spacetime cannot be identified with the point-set M. If
the metric is dynamical rather than fixed, then geometry cannot be a background structure
that persists independently of physical processes. And if diffeomorphism-related models
represent the same physical world, then the theory’s genuine content lies not in field values
at particular points but in the relational pattern encoded by the fields up to diffeomorphism.

Taken together, these features place pressure on any substantivalist ontology. A spacetime
substance with no individuating points, no fixed geometry, and no independent physical role
collapses into the relational structure it was meant to underlie. What remains physically
well-defined is precisely the structure that is invariant under diffeomorphisms: the network
of metrical, causal, and dynamical relations among events.

This is not yet a full relational ontology, but it is the minimal position to which GR’s
symmetries and dynamical structure commit us. The next sections show how the standard
“paradoxes” of GR arise when one insists on a substantive spacetime, and how they dissolve

when the relational structure is treated as fundamental.

4 The Paradoxes of Substance Ontology in General
Relativity

The preceding section established that GR’s symmetries and dynamical structure undermine
the classical picture of spacetime as a self-standing substance. Yet many interpretations
of GR continue to treat the manifold-metric pair as describing a geometric entity that
possesses intrinsic identity, localizable properties, and independent degrees of freedom. It
is within this substantive framework that a familiar family of conceptual problems arises:
gravitational energy resists localization; singularities appear as “places” where spacetime
itself breaks down; gravitational radiation propagates through vacuum as if a medium were
being disturbed; vacuum curvature and the cosmological constant take on the character of
energy stored in empty space; inertia becomes mysterious; time asymmetry appears at odds
with a time-symmetric geometry; and quantization fails when geometry is treated like a
standard field.

Individually, these puzzles are often presented as isolated anomalies or technical deficien-
cies of GR. Taken together, they reveal a deeper pattern: each paradox emerges when the
relational structure described by the metric is interpreted as the property of a geometric sub-

stance. The aim of this section is to articulate these paradoxes sharply and systematically—

10



not to resolve them, but to show how their very formulation presupposes a substantive
ontology. Section [5| will then show how each paradox dissolves when the relational content

of GR is taken as primary.

4.1 Gravitational Energy and the Failure of Localization

Among the most persistent conceptual puzzles in general relativity is the status of gravita-
tional energy. Gravitational waves carry momentum, do work on detectors, and alter the
dynamics of astrophysical systems. Yet GR supplies no tensorial, coordinate-independent
notion of gravitational energy density. Unlike every other classical field theory, there is no
object T5™ representing the local energy of the gravitational field.(see, e.g. Wald, 1984;

Poisson) 2004) In the Einstein equation,
Gab = 87TTab;

the stress—energy tensor on the right-hand side describes only non-gravitational fields; noth-
ing on the left-hand side is interpretable as a localizable gravitational energy density.

Standard remedies highlight the tension without resolving it. Pseudotensors such as
those of Einstein or Landau-Lifshitz reproduce familiar conservation laws in specific co-
ordinates, but they lack invariant significance.(Landau and Lifshitz, 1987) Quasi-local or
global definitions—ADM mass, Bondi mass, and related constructions(ADM), 1962; Bondi
et al., [1962; [Szabados, [2009) —provide meaningful measures of gravitational energy only on
extended regions or at infinity, not pointwise. And the equivalence principle implies that
in any sufficiently small neighborhood one may choose coordinates in which gravitational
effects vanish(Wald, [1984), rendering any putative local energy density removable by coor-
dinate transformation. These facts suggest that the failure of localization is not a technical
deficiency but a structural feature of the theory.

The deeper issue is conceptual. Local energy density presupposes a background structure
against which energy is distributed. Electromagnetic energy is energy of the electromagnetic
field on spacetime. But in GR the gravitational field ¢s the spacetime metric; there is no
background geometric substrate upon which gravitational energy could be defined. Inter-
preting the metric substantively yields an unstable picture: gravity behaves like a field that
carries energy, yet the theory forbids assigning that energy a local density. GR then ap-
pears internally conflicted, treating curvature as the property of a medium while denying
the medium any energetic content. The gravitational energy “paradox” thus reveals not a
defect in GR’s formalism but a defect in the substantive ontology traditionally imposed upon
it.

11



4.2 Singularities as “Places Where Spacetime Breaks”

General relativity predicts that under broad and physically reasonable conditions, spacetime
evolution leads to singularities: regions where curvature invariants diverge and geodesics can-
not be extended to arbitrary affine parameter. The Penrose-Hawking singularity theorems
formalize this: given standard energy and causal conditions, the spacetime manifold cannot
be continued indefinitely.(Hawking and Penrose, 1970; Hawking and Ellis, [1973; Wald, |1984))
Mathematically, the differential structure on which the theory depends reaches a boundary
beyond which the Einstein equation is no longer defined.

Under a substantival interpretation of spacetime, this result produces a direct conceptual
tension. If spacetime is a continuous physical medium with well-defined points and intrinsic
geometric structure, then a singularity appears to be a literal location at which this medium
collapses, becomes infinite, or ceases to exist. Popular descriptions reinforce this reading:
singularities are treated as places where densities become infinite or where spacetime “shrinks
to a point.”

But nothing in the mathematics licenses such an interpretation. A singularity is not a
point or region of the manifold, nor an additional boundary appended to it. The formalism
provides no geometric or physical structure at the putative singularity; it merely indicates
that the manifold-plus-metric representation terminates. Divergent curvature scalars occur
only in the limit as one approaches the edge of the representational domain, not at any point
within the spacetime.

The paradox arises from treating a failure of the representation as a feature of the rep-
resented entity. If spacetime is construed as a substance, the singularity seems to be a
pathological region of that substance—a place where it tears, collapses, or becomes infinite.
Yet the theory itself does not describe such a region. It predicts only that the classical rep-
resentation cannot be extended while preserving the assumed differentiable structure. Thus
GR appears to forecast the breakdown of the very entity whose properties it purports to
model, even though the formalism offers no account of what this breakdown consists in.

In this way, singularities function as conceptual artifacts of a substance ontology: they
are treated as physical loci where spacetime fails, despite the fact that the theory supplies
no such loci and no physical description of their behavior. The singularity paradox therefore
reflects a deeper mismatch between the substantive interpretation of spacetime and the

structural content of the theory.
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4.3 Gravitational Radiation in Vacuum

General relativity predicts the existence of gravitational waves: propagating perturbations of
curvature that travel at the speed of light, extract energy from orbiting systems, and produce
measurable displacements in detectors. Observations from binary pulsar decay to direct
detections by LIGO confirm that these waves behave as real physical phenomena.(Hulse and
Taylor}, [1975; |Abbott et al., 2016) They carry momentum, do work, and mediate interactions
across vast distances.

Yet, according to the theory, gravitational waves propagate through vacuum regions

where the stress—energy tensor vanishes:
Ty =0.

Under a substantival interpretation of spacetime, this yields an immediate conceptual ten-
sion. Radiation in classical physics is always oscillation of a field or medium defined on a
background: electromagnetic waves are fluctuations of the electromagnetic field on a fixed
metric; sound waves are pressure disturbances in a material medium. In each case, the
radiation has a substrate distinct from the disturbance itself.

In GR, this distinction collapses. Gravitational radiation is curvature; curvature is the
gravitational “field”; and the gravitational field is the spacetime metric.(cf. Isaacson), 1968}
Wald, |1984)) Thus the waves appear to be disturbances of the very medium through which
they propagate. But GR provides no background spacetime substance distinct from the
metric. The metric is dynamical; it is not an inert geometric stage. The supposed “medium”
and the supposed “disturbance” are mathematically the same object.

Moreover, because gravitational waves propagate in vacuum, they do so in regions where
the theory posits no matter and no non-gravitational fields. Under a substantive ontology,

this implies that:

e gravitational waves are physical enough to carry energy and alter motion;
e yet they move through regions containing no fields other than the metric itself;

e and the metric, if interpreted as a substance, must simultaneously serve as both the

medium and the excitation.

This is unlike any other physical field theory. Vacuum Maxwell equations describe radiation
of the electromagnetic field on a fixed background geometry. But vacuum Einstein equations
describe propagation of curvature on a “background” that is itself curvature. Under a sub-
stance ontology, this yields an unstable picture: a field-like entity that propagates without

a substrate distinct from itself.
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The paradox, then, is structural. Treating the metric as a physical medium suggests that
gravitational radiation should be a disturbance in that medium. But the theory allows no
such medium apart from the disturbance itself. Gravitational waves, interpreted substan-
tively, must be simultaneously the geometry that supports propagation and the excitation
that propagates—a conflation that no standard field ontology can accommodate. It is this
collapse of medium and disturbance that constitutes the gravitational radiation paradox

under a substance interpretation of GR.

4.4 The Cosmological Constant and the Vacuum Energy Paradox

One of the most striking conceptual conflicts in contemporary physics concerns the cos-
mological constant. Quantum field theory predicts that even in the absence of particles,
quantum vacuum fluctuations contribute a non-zero energy density. Summing zero-point
modes of known fields yields a vacuum energy density roughly 10'?° times larger than the
value required to account for the observed cosmic acceleration.(Weinberg, [1989; |Carroll, 2004}
Martin, 2012) This constitutes the largest known discrepancy between theoretical prediction
and empirical measurement.

The paradox emerges from how different frameworks conceive of “vacuum” and “space-
time.” In quantum field theory, vacuum is not empty; it is a physical medium composed
of fluctuating fields with real energy. These fluctuations are treated as substantive: the
vacuum possesses an energy density that exists in spacetime. Under this conception, the
vacuum energy should gravitate in general relativity. Since any energy density contributes
to curvature, the enormous QFT value ought to produce catastrophic spacetime curvature.

General relativity, however, characterizes vacuum in entirely different terms. A vacuum

region is defined by the vanishing of the stress—energy tensor,
Ta =0,
and may still possess non-zero curvature governed by a cosmological term,
Gap + Ngap = 87T,

Here Ag,, functions as a geometrical contribution determined by the field equations, not as
the energy density of a physical medium.(see |Carroll, 2004) GR does not posit background
geometric structure or a substance-like vacuum that could store energy independently of the
dynamical metric.

When the QFT conception of vacuum energy is imported into GR under a substantive on-

14



tology, the conflict becomes severe. Vacuum energy is interpreted as literal energy “residing
in empty space,” and therefore as a source term that must couple to curvature. Yet empiri-
cal observation shows that the effective cosmological constant is extraordinarily small. The
result is an ontology in which spacetime, treated as a physical substance, seemingly contains
almost none of the vacuum energy that quantum theory attributes to it. This discrepancy
is not merely numerical; it signals a deeper incompatibility between treating vacuum as a
substantive medium and GR’s dynamical, background-free conception of spacetime.

The cosmological constant paradox thus arises when one assumes that spacetime is a
substance capable of possessing an intrinsic energy density, and that QFT’s vacuum energy
is such a density. On this reading, the tiny observed value of A appears inexplicable, and
the enormous QFT prediction appears physically catastrophic. The tension is therefore not
only between two theories, but between the substantive interpretation of spacetime and the

structural content of GR itself.

4.5 The Problem of Inertia and the Limits of Machian Depen-

dence

In classical mechanics, inertia is treated as an intrinsic property of matter: the brute resis-
tance of a body to acceleration. Newton regarded this resistance as a primitive feature of
substance, not in need of further analysis. Mach challenged this view, arguing that inertial
behavior must depend on the relational configuration of the entire mass distribution of the
universe (Mach, 1883)). Einstein was deeply influenced by Mach’s critique, and aspects of
general relativity reflect this influence, although GR does not implement Mach’s principle in
any straightforward or literal way (Barbour and Bertotti, [1982; Barbour| 1989).

The tension becomes visible once GR is interpreted substantively. In GR, the motion
of free bodies is fully determined by the metric: particles follow timelike or null geodesics,
and this geodesic structure is itself shaped by the distribution of matter and energy. Yet
the theory still treats the magnitude of inertial resistance as a local parameter of the matter
fields. GR predicts that bodies move inertially along geodesics, but it does not explain why
matter should possess precisely the resistance that makes geodesic motion natural to it.
Inertia is assumed, not accounted for.

This difficulty is sharpened by the fact that the metric depends on the global distribution
of mass—energy. If inertial resistance were genuinely intrinsic to matter, one would expect
it to be entirely independent of the large-scale structure of the universe. Conversely, if
inertial behavior reflects a global influence, one would expect the theory to implement some

version of Mach’s idea that inertia arises from the total mass distribution. GR satisfies
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neither expectation. The theory positions itself between the Newtonian and Machian pictures
without fully endorsing either.

Modern particle physics explains rest mass through the Higgs mechanism (Higgs, 1964;
Englert and Brout, [1964)). Spontaneous symmetry breaking gives rise to mass parameters for
elementary particles, but this mechanism presupposes a fixed background spacetime metric
for the definition of fields, Lagrangians, and vacuum structure (Birrell and Davies, [1982;
Wald| 1994). Moreover, the Higgs field explains why particles have rest mass parameters; it
does not explain why rest mass governs resistance to deviations from geodesic motion in a
dynamical spacetime. It addresses the origin of mass, not the nature of inertia.

Under a substance ontology, therefore, inertia remains conceptually opaque. GR describes
inertial motion through geodesics of the metric but does not explain why bodies possess the
inertial resistance that underwrites geodesic behavior. QFT explains mass through the Higgs
mechanism, but only relative to a fixed background geometry, and does not address inertial
motion in curved spacetime. The two frameworks meet at the equivalence of inertial and
gravitational mass—expressed empirically in the weak equivalence principle (Einstein) |1916}
Misner, Thorne and Wheeler, |1973)—but neither offers a substantive account of why these
two quantities should coincide. GR builds their identity into its geometric foundations; it
does not derive it from an underlying ontology of matter.

The paradox is thus internal to the substance interpretation. If inertia is intrinsic, it
should be independent of global geometric structure; yet inertial motion in GR is determined
by that structure. If inertia is relational in some weaker sense, GR does not implement the
relevant relational dependence. And if the Higgs field is taken as a substantive medium
that confers mass, it provides no account of why that mass should govern motion in curved
spacetime in exactly the way the geodesic principle requires.

The problem of inertia therefore exposes a fault line in substantival readings of GR. The
theory simultaneously predicts inertial behavior through geometry and leaves the source of
inertial resistance as a primitive attribute of matter. The result is a conceptual instability:
inertia appears to depend on the overall spacetime structure while remaining unexplained
by it. As with the other paradoxes examined in this section, the difficulty arises not from
the mathematics of GR but from the attempt to embed its geometric dynamics within a

substantival ontology ill-suited to the explanatory role the theory demands.
4.6 The Arrow of Time and the Time-Symmetric Geometry
General relativity is fundamentally time-symmetric. The Einstein field equation,

Gab = 87TTab;
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is invariant under time reversal: replacing ¢ with —t leaves the dynamical content of the
theory unchanged. Nothing in the metric field equations distinguishes a direction of time
or builds an intrinsic temporal orientation into the geometry. Spacetime, interpreted sub-
stantively, is a four-dimensional entity in which all events are equally “present” within a
fixed geometric structure. The geometry contains causal relations but no preferred temporal
direction.

The empirical world, however, is pervasively time-asymmetric. FEntropy increases in
closed systems; radiation disperses; stars burn nuclear fuel rather than spontaneously re-
assemble it; biological and informational processes unfold irreversibly; and causal influence
is oriented. These phenomena are not optional or superficial; they are robust, measurable,
and ubiquitous features of physical processes. The contrast between a time-symmetric fun-
damental geometry and a manifestly time-asymmetric physical world generates an apparent
tension.

The standard response appeals to statistical mechanics: the arrow of time originates in
low-entropy initial conditions. But this merely relocates the puzzle. One must now ask
why the universe possessed an extremely low-entropy beginning, how such conditions are
compatible with the time-symmetric laws of GR, and why the geometry itself does not
encode any temporal asymmetry despite the pronounced irreversibility of physical processes.

Under a substantival interpretation of spacetime, this tension becomes sharper. If space-
time is a four-dimensional substance whose geometry is fixed by the metric, then irreversibil-
ity has no clear place within it. The block universe picture, encouraged by a substantive
reading of the metric, depicts all events as equally real, with no direction singled out by
the spacetime structure. Temporal orientation therefore cannot arise from the geometry and
must be interpreted as an emergent, derivative, or even psychological phenomenon.

This interpretation conflicts with the physical significance of irreversible processes. En-
tropy gradients, radiation asymmetry, and causal asymmetry leave objective, measurable
traces in the world. Yet GR, when read substantively, cannot account for these features
within its geometric ontology. The theory’s fundamental structure supplies no arrow of
time, while the physical world is filled with one.

The arrow of time paradox thus arises from the mismatch between a time-neutral geo-
metric substance and the irreversible behavior of matter fields and physical processes. GR’s
dynamical equations allow both time directions equally, but the observed universe strongly
favors one. A substantival interpretation of spacetime offers no intrinsic resources to explain
why this asymmetry exists, leaving temporal orientation unexplained within its ontological

framework.

17



4.7 The Quantum Gravity Obstruction

Attempts to quantize gravity have long encountered a distinctive and persistent obstacle. Un-
like the other fundamental interactions, the gravitational field cannot be successfully quan-
tized using the standard methods of quantum field theory. Perturbative approaches generate
divergences that cannot be absorbed into a finite set of parameters; this non-renormalizability
was demonstrated in early work by 't Hooft and Veltman (t’'Hooft and Veltman, |1974)) and by
Goroff and Sagnotti (Goroff and Sagnotti, [1985| [1986]). Non-perturbative approaches such as
canonical quantization and path-integral formulations likewise require structures that fail to
align with the dynamical and geometric features of general relativity (Kuchar, 1992; [Isham,
1993). This difficulty is not merely technical. It signals a deeper incompatibility between
the object being quantified and the framework used to quantify it.

Quantum field theory treats fields as dynamical quantities defined on a fixed spacetime
background. The background metric provides the arena for defining field operators, con-
structing Hilbert spaces, imposing commutation relations, and formulating path integrals;
this reliance on fixed background structure persists even in quantum field theory on curved
spacetime (Birrell and Davies, 1982; Wald, [1994). The formalism presupposes a clear division
between the background geometry and the quantum fields that inhabit it.

General relativity admits no such division. The metric itself is a dynamical field, not an
externally specified background. Background independence—the requirement that geometry
cannot remain fixed while the gravitational field is quantized—is built into the theory at a
fundamental level (Rovelli, 2004; Rickles, 2008)). But the standard tools of QFT require
precisely this fixity. If one attempts to quantize the metric in the same manner as other
fields, the procedure breaks down: the theory becomes perturbatively non-renormalizable,
producing ultraviolet divergences that cannot be removed by redefining a finite number of
parameters. This failure suggests a fundamental mismatch between the metric field and the
assumptions underlying conventional quantization techniques.

Under a substantival interpretation of spacetime, this mismatch becomes especially stark.
If the metric is a geometric substance with local degrees of freedom, then quantizing it should
be no more conceptually problematic than quantizing electromagnetism or Yang—Mills fields.
Yet the repeated failure of such attempts indicates that the metric resists treatment as
a substance-like field with pointwise, independently specifiable degrees of freedom. The
paradox is that the very theory that describes gravity as geometry makes gravity uniquely
resistant to the methods that succeed for all other fields.

String theory and loop quantum gravity attempt to escape this impasse by modify-
ing the underlying formalism. String theory replaces point particles with extended objects
and introduces additional dimensions (Green, Schwarz and Witten, |1987; Polchinski, |1998));
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loop quantum gravity discretizes geometric quantities at the kinematic level (Ashtekar and
Lewandowski, 2004; Thiemann) 2007). Yet both approaches struggle to recover classical
spacetime without reintroducing some form of background structure or auxiliary scaffolding.
The difficulty of obtaining the correct low-energy limit in either framework underscores how
challenging it is to treat geometry as a quantizable, substance-like field.

The quantum gravity obstruction therefore exposes a deep conceptual tension. Standard
quantization techniques presuppose localized degrees of freedom, fixed causal structure, and
a rigid notion of locality. General relativity provides none of these when the metric is treated
as an independently existing geometric field. The theory that was expected to unify gravity
with quantum mechanics instead reveals a structural incompatibility when interpreted in
this way. The paradox arises because quantization procedures suited for fields on spacetime
are applied to the very field that defines spacetime.

From the standpoint of substance ontology, the failure to quantize the metric is not an
isolated technical problem but an indication of a deeper misalignment. Treating the metric
as a field analogous to other material fields leads to divergences, inconsistencies, and the
breakdown of the quantization framework. The quantum gravity obstruction thus stands as
a central signpost that any coherent account of gravity must revise some of the assumptions
inherited from substantive interpretations of geometry.

The analyses in this section reveal a unifying pattern. Each of the major conceptual
difficulties associated with general relativity—the failure to localize gravitational energy, the
treatment of singularities as physical loci, the ambiguous status of gravitational radiation in
vacuum, the cosmological constant discrepancy, the unresolved problem of inertia, the tension
between time-symmetric geometry and time-asymmetric phenomena, and the obstruction to
quantizing the metric—arises when the manifold—metric pair is interpreted as describing a
substantive spacetime with intrinsic identity and independently specifiable properties.

In each case, the mathematics of GR does not support the substantive reading that gen-
erates the problem. Gravitational energy lacks localization because the theory provides no
geometric substrate on which such localization could be deﬁned.E] Singularities appear para-
doxical only when treated as places where a spacetime substance fails, despite the formalism
offering no such entities?|] Gravitational waves behave anomalously when construed as dis-
turbances of a medium that the theory itself does not positf| The cosmological constant
problem becomes acute only when vacuum is interpreted as a material substrate with an

intrinsic energy density[] The inertia problem persists when inertial properties are taken

1See [Trautman| (1962); [Misner, Thorne and Wheeler| (1973)) for classic treatments of energy in GR.
2For the original theorems, see Penrose (1965); Hawking and Penrose| (1970).

3See (Wald| (1984)) for a formal account of gravitational radiation in vacuum GR.

4For foundational discussions, see [Weinberg] (1989)); Carroll (2004).
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as intrinsic rather than arising from dynamical structuref| The arrow of time appears in-
compatible with the block-structure of a substantive spacetime.ﬂ And the quantum gravity
obstruction emerges from treating the metric as a substance-like field amenable to standard
quantization [

The cumulative effect is that the substance interpretation repeatedly attributes physical
significance to structures that the theory regards as representational, and then encounters
paradoxes when those structures fail to behave as substances must. The resulting puzzles
are not anomalies of GR’s mathematics but symptoms of a deeper interpretive tension.

What remains is to examine whether these paradoxes persist when the substantive reading
is abandoned. Section 5| will show that when the physical content of GR is identified with the
diffeomorphism-invariant structure encoded by the metric and matter fields, the paradoxes
of Section [4] cease to arise. The transition is not a metaphysical embellishment but a shift

enforced by the symmetries, dynamics, and representational resources of the theory.

5 Relational Reinterpretations of GR’s Conceptual Puz-

zles

5.1 From Paradox to Misinterpretation

Section 4] surveyed a family of conceptual puzzles that arise when general relativity is
read through a substantive lens: gravitational energy appears non-localizable, singularities
look like “places” where spacetime itself fails, gravitational waves seem to ripple through
a medium, vacuum energy threatens to overcurve spacetime, inertia remains unexplained,
temporal asymmetry appears at odds with a time-symmetric geometry, and quantization
breaks down when the metric is treated as an ordinary field. Considered separately, these
issues are often described as technical anomalies or open problems. Considered together,
they exhibit a common structure: each paradox presupposes that the manifold—metric pair
represents a geometric substance with intrinsic identity and local properties, rather than the
relational structure that the formalism itself singles out as invariant.

The present section is interpretive, not revisionary. The task is not to modify the equa-
tions of GR; it is to restrict the ontological commitments to what those equations, together
with their symmetry structure, actually support. Diffeomorphism invariance, the hole ar-

gument, and background independence already indicate that the theory’s genuine physical

SFor historical and analytical overviews, see Mach| (1883); |[Barbour and Pfister| (1995)).
SFor discussion, see [Price, (1996).
"See [t’Hooft and Veltman| (1974); |Goroff and Sagnotti (1985)); Birrell and Davies| (1982); [Wald| (1994).
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content resides in field configurations up to diffeomorphism—that is, in patterns of causal,
metrical, and dynamical relations among events, not in the bare manifold points or a fixed
geometric background (Earman and Norton, [1987; Rovelli, |2004; Rickles, |2008; Weatherall,
2018)). The strategy is therefore minimalist: I treat as real only those structures that are in-
variant under the symmetries of the theory and avoid attributing to spacetime any additional
substance-like features that play no role in its mathematics.

In what follows, this paper articulates a small set of relational principles directly grounded
in the formalism: spacetime as a relational order, curvature as relational dynamics, con-
servation as a relational constraint, the mutual definition of matter and inertia, and the
background-free status of vacuum structure and A. I then show how, once these principles
are taken as the minimal ontology compatible with GR, the puzzles of Section [4] no longer
arise. The goal is not to prove substantivalism false, but to demonstrate that, given the
symmetries and dynamical structure of GR, a relational reading is the least ontologically

extravagant and least paradox-laden way of understanding what the theory says.

5.2 Spacetime as Relational Order

General relativity represents a physical model by a triple (M, gap, Tap), where M is a smooth
four-dimensional manifold, g,;, a Lorentzian metric, and 7}, a stress—energy tensor. Section
argued that M by itself is physically inert: it carries no metric, causal order, or durations,
and all physical content arises from the fields defined upon it. Section |3 then showed that
diffeomorphism invariance and the hole argument identify models related by Diff (M) as
representing the same physical situation. Taken together, these observations constrain what
can legitimately count as the spacetime described by GR.

The key point is that the physically significant content of (M, gap, Tup) is exhausted by

structures that are invariant under diffeomorphisms. These include:

e causal relations between events (which pairs of events can be joined by future- or

past-directed timelike or null curves),

e metrical relations (intervals along curves, proper times, and spatial distances as deter-

mined by guy).

e geodesic structure (which curves qualify as free-fall trajectories and how they are re-
lated),

e curvature relations (how neighboring geodesics converge, shear, or diverge, as encoded

in the Riemann tensor),

21



e stress—energy distributions (how matter fields are arranged and how they flow, as

encoded in Typ).

Under a diffeomorphism ¢ : M — M, these relational features are preserved even though
the pointwise assignments of field values are shuffled. Any scalar constructed from g,p, Ty,
and their derivatives, any causal or geodesic relation among events, and any observable built
from them retains the same value in the transformed model. By contrast, the bare identity
of manifold points is not preserved in any physically meaningful way: the theory offers no
observable capable of tracking “which” point of M an event occupies independently of its
field relations.

This asymmetry supports a precise relational claim. If two models (M, gu, Typ) and
(M, ¢*Gap, @*Tap) agree on all diffecomorphism-invariant structures, then, by construction,
they agree on all physical quantities the theory recognizes. To treat them as describing
different spacetimes would require positing an additional layer of structure—for example,
primitive identities of points in M—that makes no difference to any invariant observable.
Such structure is, in the strict sense, idle: it neither appears in the equations nor figures in
empirical predictions. A minimal ontology that respects diffeomorphism invariance therefore
identifies spacetime not with the manifold M itself, nor with the ordered triple of pointwise
field values, but with the equivalence class of models under Diff (M), characterized solely by
their shared network of invariant relations.

We can now state the first relational principle with some precision. Spacetime, as de-
scribed by GR, is the relational order encoded by (gap, Tap) up to diffeomorphism: a structure
of causal, metrical, and dynamical relations among events. Manifold points serve only as
coordinates in this structure; they are not additional physical entities. Nothing in the for-
malism distinguishes one point of M from another except through the roles they play in
the relational pattern fixed by g, and T,,. Substantivalist ontologies that ascribe intrinsic
identity or properties to the points of M therefore go beyond what the theory’s invariants
warrant. A relational ontology, by contrast, takes the invariant relational structure to be all
that spacetime is.

This principle will guide the reinterpretations that follow. In Sections this paper
shows that once spacetime is understood as this diffeomorphism-invariant relational order,
the puzzles of gravitational energy, radiation in vacuum, singularities, inertia, time asym-
metry, vacuum structure, and the quantum gravity obstruction can be seen as artifacts of
reifying the representational scaffolding into a geometric substance, rather than as defects

of the underlying theory.
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5.3 Curvature as Relational Dynamics

If spacetime is identified with the diffeomorphism-invariant relational structure encoded by
(gab, Tup), then curvature must be understood in the same terms. The curvature tensors of
GR-the Riemann tensor R%,.q, its contractions R,, and R, and the Einstein tensor G,,—are
constructed entirely from the metric and its derivatives. None of these quantities assigns
intrinsic properties to manifold points; each describes how metrical relations vary as one
moves through the spacetime model. This section shows that the operational and invariant
content of curvature is relational and that the dynamic aspects of spacetime in GR arise from
the evolution of these relations rather than from deformations of a geometric substance.
The operational meaning of curvature is captured by the geodesic deviation equation:

D2£a a bec, d
= = —R%cqu’ §u’,

where u“ is the tangent to a reference geodesic and £ is the deviation vector to a neighboring
geodesic. This equation expresses curvature entirely in terms of how neighboring free-fall
trajectories relate to one another. The Riemann tensor does not specify an intrinsic feature
of any point p € M; it specifies how vectors transported around infinitesimal loops fail to
return to themselves, and how initially parallel geodesics converge, shear, or diverge. All
of this is relational information: it concerns second-order relations among nearby worldlines
and the evolution of those relations along curves.

The diffeomorphism invariance of curvature further reinforces this reading. Under any
¢ € Diff(M),

R%%cq — ¢" R%eq,

and all curvature scalars—including R, Ru,R, and RgpeqR™“—are invariant under such
transformations. What this preserves are the relational features described above: which
families of geodesics focus or defocus, how parallel transport behaves, and how metric re-
lations change across regions. What it does not preserve is any supposed identity of the
manifold points at which these values are assigned. The curvature tensors therefore record
how metric relations vary, not properties of points taken as physical entities independent of
those relations.

This perspective also clarifies the dynamical role of curvature in the Einstein field equa-
tion,

Ga, = 87T y.

The left-hand side encodes how metrical relations evolve; the right-hand side encodes how

matter fields distribute and flow. The equation does not describe forces acting on a geo-
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metric medium or the deformation of a spacetime substance. Rather, it expresses a mutual
consistency condition between two relational structures: the pattern of curvature and the
pattern of stress—energy. The field equation constrains which relational configurations of
geometry and matter can coexist; it does not track exchanges between separate substances.

This relational reading extends naturally to gravitational radiation. In linearized theory,
perturbations hy, of a background metric satisfy a wave equation and propagate at the speed
of light. But what propagates is not a disturbance in a medium; it is a change in the metric
relations themselves. When a gravitational wave passes through an interferometric detector,
the effect is an oscillation in the proper distances between freely falling test masses—a
relational change in the metric, encoded invariantly by the transverse-traceless components
of the curvature. No additional substrate is required for such propagation; the dynamical
relations themselves are what change and propagate.

Similarly, the fact that the curvature can be nonzero in regions where T,, = 0 reflects the
autonomy of the relational metric structure. Vacuum solutions such as Schwarzschild, Kerr,
or de Sitter spacetimes describe self-consistent patterns of metric relations, not properties
of an underlying geometric substance. That curvature persists in vacuum is not a sign that
“empty space” possesses material properties but that the relational structure defined by the
metric can evolve independently of matter fields, subject only to the constraints of the field
equations.

Thus, curvature, as represented in GR, is intrinsically relational. It is defined by how
metric relations vary across the manifold; it is operationally accessible only through relations
among worldlines; it is invariant under transformations that erase any putative identity of
manifold points; and it figures in the dynamics of GR as part of a coupled relational system.
Interpreting curvature as a property of a geometric substance adds an ontology that does not
perform explanatory or representational work. Interpreting it as relational dynamics aligns
directly with the invariant content of the theory and prepares the ground for understanding

gravitational energy, inertial behavior, and vacuum structure in the sections that follow.

5.4 Energy and Conservation as Relational Constraints

In most classical field theories, energy and momentum are localizable quantities. The stress—
energy tensor Ty, specifies densities and fluxes at each point of spacetime, and conservation
laws describe how these quantities flow through a background geometry. This framework
presupposes that the background has parts and locations that can bear such quantities.

General relativity alters this structure in two steps. First, the conservation condition
VT, =
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is not imposed independently, but follows from the contracted Bianchi identity
VeGa = 0,

a geometric identity of the Riemann tensor (Wald, 1984)). Together with the Einstein equa-
tion Gy, = 811y, (Einstein, [1915), this implies V*T,, = 0 automatically. Second, the metric
Jap that determines V¢ is dynamical. Together, these two facts shift the meaning of con-
servation in GR. The statement V*T,;, = 0 expresses not a flow of a substantive quantity
through a medium but the compatibility of matter fields with the metrical relations encoded
by gap (Trautman) 1962).

The metric determines which worldlines count as geodesics, how matter curves spacetime,
and how spacetime constrains matter (Wald,, [1984). The conservation condition captures this
mutual consistency. When T, is interpreted as characterizing the relational distribution and
motion of matter fields, V*T,, = 0 enforces that these fields evolve in a way that aligns with
the metric’s curvature structure. In this sense, conservation is a geometric identity: the
matter fields must fit the relational pattern determined by gqp.

This relational reading also clarifies why the gravitational field lacks a local energy den-
sity. A tensorial 75" assigning energy to “the gravitational field at a point” does not exist.
Any attempt to construct such an object produces a pseudotensor whose value depends on
the coordinate system (Einstein, |1918; Misner, Thorne and Wheeler, |1973). From the per-
spective of the formalism, this failure reflects the fact that the metric is not a substantive
entity with localized degrees of freedom. It is the relational structure itself. Localizing grav-
itational energy would require identifying a substrate in which that energy is stored; the
theory supplies none (Trautman) 1958).

Instead, GR admits only quasi-local or global measures of gravitational energy, such as
the ADM and Bondi masses, defined on extended regions or at infinity (ADM] 1962; [Bondi
et al., [1962; |Sachs, [1962). These quantities capture how the relational structure fits together
over large domains, not how energy is distributed pointwise. Their non-local character follows
from the geometric nature of the metric: changes in curvature reflect global relational features
rather than contributions from a local field with substantive energy content (Wald, 1984).

The non-localizability of gravitational energy and the derivation of V*T,;, = 0 from
geometric identities are therefore two aspects of the same structural fact. GR binds matter
and geometry through the relations encoded in g4, not through energy exchanges between
substances. The metric cannot carry local energy because it is not a field on a background;
it is the background relation itself.

Thus, GR treats conservation not as a dynamical flow of a substance but as a constraint
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on the mutual consistency of matter and geometry. Energy—momentum conservation emerges
from and expresses the relational coherence of the metric and the stress—energy tensor, rather

than the transport of quantities through a geometric medium.

5.5 Matter and Inertia as Relational Phenomena

General relativity represents matter through fields whose stress—energy tensor T,, encodes
their dynamical content and their coupling to geometry (Wald), 1984, §4.3). The motion of
matter within this structure is governed not by an independently imposed law but by the

geometric identities of the theory itself. The Bianchi identity,

VeGy =0,
combined with the Einstein equation,
Gy = 81T,
implies the covariant conservation law
VT = 0.

This condition is not an additional postulate. It is a mathematical consequence of the
geometric structure of GR, expressing the requirement that the evolution of matter fields
remain compatible with the curvature encoded by g,, (Wald, (1984, §B.1). When applied to
dust or to free point particles, the conservation law reduces to the statement that free bodies
follow geodesics (Misner, Thorne and Wheeler, 1973, §20.2). Thus the inertial motion of
matter arises directly from the geometric identities of the theory.

This structure immediately revises the classical concept of inertia. In Newtonian mechan-
ics, inertia is a primitive property: each body possesses an intrinsic resistance to acceleration.
In Einstein’s early formulation, the equivalence of inertial and gravitational mass was taken
as a foundational empirical principle (Einstein, 1916]). In GR, however, the inertial behavior
of matter is not attributed to an intrinsic “inertial property” but to the requirement that
matter fields evolve coherently within the metric structure. Deviation from geodesic motion
appears precisely when non-gravitational forces produce a failure of V¢T,;, = 0, understood
as a disruption of the coherence between the stress—energy distribution and the curvature it
helps determine.

This perspective also clarifies the status of mass. In particle physics, rest mass arises from
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coupling to the Higgs field (Higgs, 1964)). This mechanism supplies a rest-mass parameter
in the matter Lagrangian, but it does not explain why that mass parameter appears in the
inertial term of the geodesic equation or why it determines a body’s resistance to acceleration
in the geometric setting of GR. The equivalence of inertial and gravitational mass, encoded
in the Einstein field equation and the geodesic principle, expresses a structural feature of
the theory: the same parameter that enters the matter Lagrangian also determines how the
matter distribution must cohere with the curvature it generates.

GR thus links matter and inertia through its geometric foundations. The stress—energy
tensor determines curvature; curvature constrains admissible trajectories; and the conserva-
tion law VT, = 0 expresses the compatibility of these relations. Inertia is therefore not
a primitive property but a manifestation of how matter fields participate in the geometric
structure defined by g.,. The resistance of bodies to acceleration is the resistance to deviating
from trajectories singled out by these compatibility conditions.

This interpretation is reinforced by the theory’s treatment of vacuum and boundary
conditions. Even in regions where T,, = 0, the geometry may encode global influences of
matter elsewhere through its boundary data, and inertial motion remains well defined. The
existence of inertia in vacuum solutions thus does not imply a substantive geometric medium;
it reflects the fact that the metric structure, determined by global constraints, continues to
define admissible relations among events.

Taken together, these mathematical relations show that GR does not require an ontology
in which inertial properties are intrinsic features of material substances. Instead, mass,
motion, and inertia are features of how matter fields integrate into the relational geometric
structure that the Einstein equation constrains. The equivalence of inertial and gravitational

mass is not a mysterious coincidence but a direct expression of this structural unity.

5.6 Time and Irreversibility as Relational Asymmetries

General relativity is fundamentally time-symmetric. The Einstein field equation,
Gab = 87TTab;

is invariant under time reversal: if gq,(¢) is a solution, then g,,(—t) is also a solution (Wald),
1984, chs. 10-11). The geometric structures that GR employs—causal order, proper time
along timelike curves, and curvature—do not single out a preferred temporal orientation.
As Earman notes, classical field theories formulated on a Lorentzian manifold generally
inherit this symmetry from the underlying differential structure (Earman) 2006, pp. 20-23).

GR therefore furnishes a four-dimensional relational framework of events ordered by causal
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relations but lacking intrinsic temporal direction.

Physical phenomena, however, exhibit a pronounced time asymmetry. Entropy increases
in closed systems, radiation disperses, and macroscopic processes unfold irreversibly. This
contrast between time-symmetric dynamical laws and time-asymmetric physical behavior is
a central theme in the philosophy of time and thermodynamics (Price, (1996). The standard
account, attributes the asymmetry to boundary conditions: the universe began in a state of
extraordinarily low entropy. Penrose argues that this corresponds to an exceptionally low
value of the Weyl curvature near the Big Bang, a condition not entailed by GR’s equations
(Penrose, [1989] ch. 7).

From the standpoint of the mathematical structure of GR, this situation is unsurprising.
The field equations constrain which metric and matter configurations are dynamically ad-
missible; they do not determine the global boundary conditions among those configurations.
The Einstein equation is compatible with both high-entropy and low-entropy initial states,
and it contains no internal mechanism that selects between them. Nothing in the curvature
tensors or in the causal structure encoded by g, distinguishes past from future.

The conceptual tension arises only if one expects temporal orientation to be encoded
in the geometry itself. GR provides a relational account of time: proper time along a
worldline is determined by the metric, and causal relations order events, but no orientation is
built into these relations. The temporal arrow evident in thermodynamic and informational
phenomena must therefore arise from the behavior of matter fields rather than from the
geometric background.

This perspective is reinforced by statistical mechanics. Irreversibility arises from coarse-
graining and from the statistical structure of matter configurations evolving within a space-
time. The time-symmetric geometry constrains which histories are possible, while the arrow
of time reflects the fact that, given a low-entropy boundary condition, the overwhelmingly
likely evolution of matter systems proceeds toward higher entropy. GR supplies the relational
scaffolding for these histories; it does not encode their directionality.

Under this interpretation, the absence of a temporal arrow in g, is not a deficiency but
a direct expression of the geometric role the metric plays. The metric defines the relational
structure of time—intervals, causal relations, and admissible histories—but the temporal
asymmetry of physical processes is a feature of how matter fields evolve within that structure.
As Price emphasizes, irreversibility is a property of boundary conditions and processes,
not of the fundamental dynamical laws (Price, 1996)). GR’s formalism accommodates this
distinction naturally.

Thus, the arrow-of-time paradox arises only if one assumes that temporal orientation

must appear in the geometric structure itself. On a relational reading of GR, time is not a
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substance with an inherent direction but a structural parameter derived from the ordering
of events and their evolution. Irreversibility is a relational asymmetry of matter processes

consistent with, but not encoded by, the time-symmetric geometry defined by gqu.

5.7 Vacuum and the Cosmological Constant as Relational Geom-

etry

In general relativity a vacuum region is defined by the vanishing of the stress—energy tensor,
Tap =0,
yet the corresponding solutions to the Einstein field equation,
Gap + Ngap = 87T,

may possess nonzero curvature determined entirely by the term Ag,,. Standard expositions
emphasize that this term is geometric in character: it resides on the left-hand side of the
field equation and modifies curvature directly (Wald, 1984, §5.1). It is not introduced as
a stress—energy tensor, and nothing in its formulation identifies it with the energy of any
material or field-like substance (Carroll, 2004, §3.3).

Formally, A acts as a constant of integration constraining the large-scale structure of
solutions to the Einstein equation. De Sitter (A > 0) and anti-de Sitter (A < 0) geometries
exemplify this: both solve the vacuum equation T,, = 0 and possess constant curvature
generated exclusively by the cosmological term. Their curvature arises not from sources but
from the structure of the metric itself. As Earman emphasizes, the vacuum solutions of GR
display geometrical structure that is not the structure of a medium but the structure of a
Lorentzian metric on a differentiable manifold (Earman, 2006} pp. 24-27).

The tension between GR and quantum field theory arises when the QFT notion of vac-
uum energy is carried over into the relativistic setting. In flat-spacetime QFT, zero-point
fluctuations contribute an energy density to the vacuum, and summing modes up to a nat-
ural cutoff yields a value roughly 102" times larger than the observed effective cosmological
constant (Weinberg), 1989; Straumann, 2002). But this vacuum energy is defined relative
to a fixed background geometry: the field modes, their frequencies, and their associated
zero-point contributions all presuppose a static, substantive spacetime structure on which
the fields live.

GR, however, contains no such background. The metric is the dynamical object to be

solved for, and vacuum is defined by the absence of matter fields, not by the presence of
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a background substrate. The formalism therefore does not treat A as an energy density
occupying spacetime; it treats A as a geometric parameter that appears as part of the
curvature tensor. Moving Ag,, to the right-hand side of the field equation and interpreting
it as a stress—energy term is a representational convenience, not a physical derivation (Wald),
1984}, §5.1).

This distinction reframes the cosmological constant problem. The enormous QFT vacuum
energy is tied to a conception of vacuum that presupposes a fixed geometry. GR denies such
a structure. QFT’s estimate cannot be inserted into the Einstein equation without altering
the interpretive framework: the notion of “vacuum energy” requires a background for the
energy to be relative to, while the relativistic vacuum is defined precisely by the absence of
such a background. The mismatch between QFT estimates and cosmological observations
thus reflects a conceptual discrepancy between frameworks with incompatible assumptions
about geometric structure, not a contradiction within GR.

From the standpoint of the classical theory, a vacuum with nonzero curvature is unprob-

lematic. When T,;, = 0, the Einstein equation reduces to
Gab = _Agab7

and the resulting curvature is a structural feature of the metric. No further ontological
commitment is required. The curvature associated with A arises because the geometric
relations encoded by g, satisfy this modified field equation, not because “empty space”
contains energy. GR offers no concept of energy stored in a vacuum medium; the theory
provides only a relational geometrical structure governed by ggp.

Thus, when the mathematics is taken at face value, A is most naturally understood as a
parameter governing large-scale geometric relations. Vacuum curvature reflects the structure
of the metric field, not the presence of energy in a background medium. This interpretation
aligns directly with the Einstein equation, the form of vacuum solutions, and the geometric
role of Agy, requiring no modification of the classical theory and no introduction of additional

physical substances.

5.8 Singularities as Limits of Relational Structure

General relativity predicts that, under broadly applicable physical conditions, spacetime
evolution leads to singularities in the sense of geodesic incompleteness. The standard math-
ematical definition, due to the singularity theorems of Penrose, Hawking, and others, is that
a spacetime is singular when it contains timelike or null geodesics that cannot be extended

to arbitrarily large affine parameter (Hawking and Ellis, 1973, §8.1). This condition—the
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inextendibility of physically admissible curves—is the central criterion for singular behavior
in GR (Wald, 1984, §9.5). It does not identify any point or region of the manifold as a
singularity; rather, it indicates that the manifold—metric representation terminates.

Curvature blow-up, often cited in popular or heuristic accounts, is not the primary marker
of singularities. Curvature scalars such as Rapq % may diverge along families of curves
approaching the edge of the representational domain, but such divergences occur only in the
limit and need not occur at all in geodesically incomplete spacetimes (Hawking and Ellis),
1973, §8.2). In GR, there is no mathematical object corresponding to “the singularity.” As
emphasized by Earman, the theory provides no points for the singular behavior to be at
(Earman, 1995, pp. 40-45). Singularities mark the failure of the manifold to support further
extension of the metric, not the existence of pathological regions within it.

This distinction generates the familiar conceptual tension when spacetime is interpreted
substantively. If the manifold—metric pair represents a geometric medium with intrinsic
identity, then the singularity appears to be a location within that medium at which curvature
becomes infinite or the structure itself breaks down. This reading treats a breakdown of
representation as a physical event: a “place where spacetime ends.” Yet the formalism
supplies no such place. Nothing in the theory describes what occurs “at” a singularity,
because no such point belongs to the spacetime manifold.

From the standpoint of the mathematical structure, the correct interpretation is more
modest. A singularity signals that the relational structure encoded by g, cannot be extended
smoothly beyond a certain domain. The metric fails to extend as a Lorentzian tensor field;
the differentiable structure fails to accommodate further continuation; geodesics terminate
because the relational geometry cannot be prolonged. Singularities are thus boundaries of
applicability of the manifold—metric representation, not physical loci with geometric or dy-
namical properties. As Curiel emphasizes, GR is silent about what lies beyond such bound-
aries, not because something physically dramatic occurs there but because the formalism
has reached its interpretive limits (Curiel, 2019).

Interpreted this way, singularities do not imply that spacetime as a substance becomes
infinite or ruptures. They imply only that the mathematical structures used to represent
relational geometry fail to extend. The gravitational field does not “blow up” at a point;
the representation ceases to exist where the conditions for smooth geometric description no
longer hold. The paradox associated with singularities arises only when the manifold—metric
pair is treated as a physical medium whose breakdown is interpreted as a physical event.
The mathematics of GR supports a different picture: singularities are limits of relational
structure, not features of a geometric substance.

In this sense, the singularity theorems provide internal guidance about the domains in
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which GR can be expected to apply. They do not predict physical infinities; they indicate
that the relational description encoded by g,, reaches a boundary determined by global
conditions on curvature, causal structure, and stress—energy. Beyond that boundary, GR
does not describe the world. The singularity marks the failure of a representation, not the

failure of spacetime itself.

5.9 Geometry and the Quantum Gravity Obstruction

Attempts to quantize gravity encounter a distinctive and persistent difficulty: the standard
techniques of quantum field theory presuppose a fixed background geometry, while general
relativity treats the metric as a dynamical field with no fixed background whatsoever. This
tension is extensively documented in the technical literature (Wald, 1984; [Misner, Thorne
and Wheeler}, [1973| chs. 4-6) and in foundational analyses of quantum gravity (Earman, 2006}
Kiefer, 2012)). The problem is not merely mathematical. It reflects a deeper incompatibility
between the object that GR identifies as physically real and the object that QFT is designed
to quantize.

In standard QFT, fields are quantized as operator-valued functions on a spacetime back-
ground. The background provides the metric structure needed to define locality, causal
order, equal-time commutation relations, particle states, and path integrals (Wald}, 1984,
ch. 2). Even in quantum field theory on curved spacetimes, the metric is treated as a classi-
cal, externally specified field (Wald, 1984)). The formalism therefore presupposes a division

between:
1. a fixed geometric background, and
2. quantum fields propagating within it.

General relativity admits no such division. The metric is the dynamical variable; it deter-
mines the very notions of causal structure, locality, and spatial separation that QFT requires
as input. Background independence means that there is no fixed geometry on which fields
can be defined. If one attempts to quantize g, as if it were another matter field, the result-
ing perturbation theory is non-renormalizable (Kiefer, 2012, ch. 7), and non-perturbative
methods require background structures that undermine GR’s foundational symmetries (Ear-
man, 2006)). These failures indicate not simply technical inadequacy, but an ontological
misalignment: the metric cannot be treated as a substance-like field with pointwise degrees
of freedom without contradicting the role it plays in the classical theory.

From a relational perspective, this misalignment is unsurprising. GR identifies as physi-

cally real not the manifold M or the pointwise values of g,;, but the diffeomorphism-invariant
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relational structure encoded by metric and matter fields up to Diff (M) (Wald, 1984, §1.2).

The physical content of the metric consists in:
e causal relations (who can influence whom),
e metrical relations (intervals, durations, angles),
e dynamical relations (geodesic structure, curvature interactions),
e global boundary or asymptotic relations.

These are the invariant quantities that remain fixed across all representations of a given
spacetime model.

A relational quantization therefore reframes the problem: the task is not to quantize
gap(x) as a tensor field on manifold points, but to quantize the diffeomorphism-invariant
structure that GR treats as fundamental. Three mathematical strategies emerge from this

standpoint:

1. Quantizing causal relations. The causal structure of a spacetime is a partial order
on events. A natural relational quantization assigns amplitudes or operators to these
causal relations rather than to pointwise field values, yielding “quantum causal struc-
tures” in which distinct causal orders may appear in superposition (Oreshkov, Costa
and Brukner, 2012).

2. Quantizing metric relations. The physically invariant content of g, lies in lengths,
areas, volumes, curvature invariants, and geodesic deviation relations (Wald| {1984,

§3.2). A relational quantization assigns operators to these quantities:
L(y), 7(v), A(S), RU),

treating them as fundamental, while g,, appears only as an effective descriptor of

expectation values.

3. Quantizing diffeomorphism-invariant configurations. The classical configura-
tion space of GR is Riem(M)/Diff (M) (Misner, Thorne and Wheeler, 1973, ch. 21). A
relational quantization constructs a Hilbert space of wavefunctionals over this quotient
space:

Vga] = U ([gas]),

thereby quantizing relational equivalence classes directly.
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These strategies share a common theme: what is quantized are the relations that GR
treats as physically meaningful, not the metric as a pointwise field. Such an approach pre-
serves background independence and avoids the conceptual pitfalls that arise when geometry
is treated as a substantive entity with localizable degrees of freedom.

The persistence of non-renormalizability, the breakdown of canonical approaches, and
the need for auxiliary structures in covariant methods thus appear not as isolated technical
pathologies but as manifestations of a deeper ontological fact. As Earman (2006) argues,
quantization procedures designed for fields on a background fail when applied to the geo-
metric structure that defines the background itself. GR’s geometry is not a substance to be
quantized in the ordinary sense; it is a relational structure that determines the conditions of
quantization.

A relational ontology therefore suggests a natural reinterpretation: a quantum theory
of gravity must be a quantization of the diffeomorphism-invariant relations that constitute
spacetime, not a quantization of a geometric substance. Whether such a theory can be
constructed remains an open question, but the conceptual direction is clear. The quantum
gravity obstruction reflects an ontological misidentification in which the metric is treated as
a field analogous to matter fields, contrary to its role in the classical theory. A relational
approach realigns the ontology with the mathematics and clarifies what a coherent quan-
tum spacetime theory must ultimately quantify: not geometric “stuff,” but the relational

structure that geometry encodes.

5.10 Synthesis: Minimal Relational Ontology as the Clean Read-
ing of GR

The analyses of the preceding sections converge on a single, unified conclusion: when general
relativity is interpreted strictly according to the invariant content of its mathematical struc-
ture, the theory naturally supports a minimal relational ontology. This ontology is not an
additional hypothesis imposed on the formalism. It is what remains when one takes seriously

the symmetries, background independence, and geometric identities that GR itself enforces.

(1) Spacetime as relational order. Diffeomorphism invariance identifies the physical
spacetime not with the manifold M nor with pointwise field values, but with the equivalence
class [gap, Tap) under Diff (M). The physical content consists of causal, metrical, and dynam-
ical relations among events, not intrinsic identities of manifold points (Wald, 1984, §1.2).

Spacetime, on this reading, is the relational structure encoded by the fields.
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(2) Curvature as relational dynamics. The Riemann tensor describes how families of
geodesics relate to one another through geodesic deviation (Wald, [1984, §3.2). The Einstein
equation G, = 87T, is a consistency relation between curvature and matter, not an ex-
change of forces between substances. Gravitational radiation is a propagating change in this

relational structure, not a ripple of a material medium.

(3) Conservation as relational constraint. The Bianchi identity V*G,, = 0, together
with the field equation, yields V®T,, = 0. This conservation law is not an independent phys-
ical postulate but a condition expressing the coherence of matter fields within the geometric
structure (Wald,, 1984, §B.1). Gravitational “energy” is not localizable because the metric is
not a substance that can hold local energetic quantities; conservation is a global relational

constraint.

(4) Matter, inertia, and time as relational phenomena. The geodesic principle arises
from VT, = 0 for matter fields (Misner, Thorne and Wheeler, 1973, §20.2), making inertial
motion a consequence of geometric compatibility, not an intrinsic property of a substance.
Time, likewise, is not an intrinsic flow but a relational parameter defined by the metric’s
causal and metrical structure. Irreversibility arises from entropy gradients and coarse-grained
matter evolution, not from any built-in orientation of g, (Price, 1996). GR’s geometric
time-symmetry therefore coexists with thermodynamic time-asymmetry because the former

is structural and the latter is relational and statistical (Penrose, 1989).

(5) Singularities as limits of relational structure. The singularity theorems of Penrose
and Hawking show that, under reasonable conditions, timelike or null geodesics cannot be
extended indefinitely (Hawking and Ellis, 1973). These results do not describe physical
points at which curvature becomes infinite; they describe the breakdown of the manifold-plus-
metric representation. From a relational standpoint, this means that the relational structure
encoded by g. lacks an extension compatible with the Einstein equation. Singularities mark
the limits of the relational description, not features of a spacetime substance. The “paradox”
of singularities arises only if one treats the manifold as a physical object with parts that can

“end” or “blow up.”

(6) Vacuum structure and A as relational geometry. In vacuum, 7, = 0 but curva-
ture may persist. The cosmological term Ag,;, is a geometric parameter on the left-hand side
of the Einstein equation (Wald}, |1984; |Carroll, 2004, ch. 5). It describes large-scale relational

structure rather than energy stored in a medium. The cosmological constant problem arises
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only when the vacuum is treated substantively (Weinberg, |1989; [Straumann, 2002).

(7) The quantum gravity obstruction as relational quantization. Standard quan-
tization techniques presuppose a fixed background metric, contradicting GR’s background
independence (Earman) [2006; Kiefer, |2012). The failure of perturbative renormalization and
the structural difficulties of non-perturbative approaches reflect an ontological mismatch: the
metric is not a substance with localized degrees of freedom to be quantized like matter fields.

A quantum theory of gravity must instead quantize diffeomorphism-invariant relations.

These pieces fit together into a coherent whole. GR does not refute substantivalism; a
careful substantivalist can always treat diffeomorphism invariance as gauge redundancy and

maintain a spacetime substance in the background. But once one takes seriously:

e the elimination of intrinsic point identity by diffeomorphism invariance,

e the absence of fixed geometric structure required by background independence,
e the derivation of motion and conservation laws from geometric identities,

e the quasi-local character of gravitational energy,

e the geometric nature of vacuum curvature,

e the boundary-defined character of irreversibility,

e the representational limits revealed by singularity theorems,

e and the incompatibility of standard quantization with a substance-like geometry,

the substantival picture becomes metaphysically heavy and paradox-generating.

By contrast, the minimal relational ontology is:

e formally adequate: it mirrors exactly the invariants of the Einstein equation and its

symmetries;

e ontologically lean: it posits no structures beyond what GR itself treats as physically

meaningful;

e paradox-free: it dissolves the cluster of conceptual puzzles that arise only under a

substance-based interpretation.

On this reading, GR describes a world whose fundamental structure is relational. Geome-
try is not an underlying medium but the evolving pattern of metrical, causal, and dynamical

relations among events and fields.
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6 Conclusion

The aim of this paper has been to determine what ontology is most naturally supported
by the invariant, background-independent structure of general relativity, without importing
assumptions foreign to the formalism. The strategy has been conservative: begin from the
minimal mathematical data of the theory—a differentiable manifold, a Lorentzian metric,
matter fields, and diffeomorphism invariance—and ask what ontology is required to make
sense of the physical content that survives under the symmetries of the theory.

The result is that a minimal relational ontology provides the cleanest, least paradoxical
reading of general relativity. This conclusion does not rely on speculative metaphysics, nor on
supplementing the theory with new principles. It instead follows from tracking the physical
significance of the structures that the formalism itself designates as invariant.

Across the major conceptual domains of GR, the same pattern emerged:

e Spacetime: Diffeomorphism invariance eliminates intrinsic point identity; the physical

spacetime is the relational structure encoded by g,., and T,,.

e Curvature: The Riemann tensor expresses how geodesics relate; gravitational radia-

tion is a propagating change in relational structure, not a vibration of a medium.

e Conservation: V%1, = 0 is a compatibility relation derived from the geometry, not

a literal flow of energetic substance.

e Matter and inertia: Geodesic motion arises from geometric identities; inertia reflects

the coherence of matter with g,;,, not an intrinsic property of a substance.

e Time: The metric provides ordering and duration, not direction; the arrow of time is

a relational asymmetry of matter evolution, not a geometric feature.

e Singularities: Theorems of geodesic incompleteness mark the limits of the manifold-

plus-metric representation, not physical “edges” of a spacetime substance.

e Vacuum and A: Vacuum curvature is geometric structure, not energy of a medium;

the cosmological constant is a curvature parameter.

¢ Quantum gravity: Attempts to quantize geometry as a substance-like field reproduce
paradoxes because GR’s geometry is not that kind of object. What needs quantization,

if anything, are diffeomorphism-invariant relations.

None of these conclusions require modifying GR; they follow from refusing to attribute

physical significance to structures that the formalism itself treats as gauge or representational
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redundancy. Under a substantival interpretation, these domains accumulate puzzles: non-
localizable gravitational energy, vacuum curvature without matter, singularities interpreted
as physical infinities, a missing arrow of time, an intractable quantum gravity problem.
Under the relational interpretation, they form a coherent and unified picture.

The minimal relational ontology therefore does not compete with GR; it is the ontological
articulation of what GR already provides. It is not the claim that relationalism is the only
possible interpretation, but that it is the interpretation that requires the fewest additional
commitments, fits the representational structure of the theory most faithfully, and dissolves
the central paradoxes rather than reproducing them.

The broader implications are twofold. First, for the philosophy of spacetime, the rela-
tional reading shows that classical GR already contains the conceptual resources to avoid
many of the metaphysical tensions that have traditionally been thought to plague it. Second,
for physics, this ontology may help clarify why attempts to quantize gravity have encoun-
tered persistent obstacles: the object being quantized has been misidentified. If geometry is
fundamentally relational rather than substantive, then the quantum theory must quantize
relational structure, not a geometric medium.

General relativity, understood through its own invariants, is a theory not of substances
but of structures. The physical world it describes is a world of relations: metrical, causal, and
dynamical. By taking those relations as fundamental, we recover a picture of spacetime that
is mathematically precise, conceptually lean, and free of the paradoxes that arise when the
ontology is inflated beyond what the formalism demands. This minimal relational ontology
is therefore not only a coherent interpretation of GR, but a natural starting point for the

conceptual foundations of any future theory that aims to supersede it.
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