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Geometric Constraint

A Systematic Comparative Analysis

Abstract

General Relativity (GR) has a structural profile unlike paradigmatic local field theories: (i) no
covariant, pointwise gravitational stress-energy exists in the exact theory; (ii) gravitational
energy appears globally/quasi-locally (ADM/Bondi) or effectively after averaging (Isaacson);
and (ii1) gauge acts on the arena (diffeomorphisms), not merely on field values. GR's empirical
success shows these mathematical structures are predictively sufficient. Whether this geometric-
relational description is fundamental or an effective macroscopic limit of deeper microphysics
remains open; the paper establishes the categorical structural differences that motivate this
interpretive question.

We establish that general relativity fails every criterion by which physics identifies genuine
physical fields. This is not a difference of degree but of categorical type, suggesting GR
functions as a mathematical consistency framework rather than a theory of physical substance.

The Five Criteria for Physical Field Theories
Across electromagnetic, scalar, and Yang-Mills theories, physical fields satisfy:

Criterion A - Local Energy Localization The field carries energy density representable by a
covariant stress-energy tensor built from field strengths.

Criterion B - Gauge-Invariant Local Observables While field components may be gauge-
dependent, local gauge-invariant physical quantities exist at each spacetime point.

Criterion C - Self-Gravitation The field acts as a source in Einstein's equations, causing
spacetime curvature through its stress-energy tensor.

Criterion D - Majority Dynamical Evolution Most field equations govern propagation;
constraints are minority components selecting physical states.

Criterion E - Arena Independence Gauge transformations act on field values within spacetime;
spacetime points themselves retain gauge-invariant identity.



Criterion A: Local Energy Density

Electromagnetic Field

o Possesses covariant stress-energy tensor
o Energy density is positive-definite and locally measurable
o Can be integrated over volumes to give total field energy

Scalar Field

o Has well-defined energy density from kinetic and potential terms
e Couples to gravity via its stress-energy tensor
e Energy localized at each spacetime point

Yang-Mills Field

e Local color is gauge-dependent but energy density is gauge-invariant
e Stress-energy tensor built from field strength
e Acts as gravitational source

Gravitational Field - Categorical Difference

Result: In exact GR there is no covariant, pointwise gravitational stress-energy tensor
constructed from finitely many jets of g; attempts to construct such tensors patch together only as
a Cech 1-cocycle and yield a non-trivial obstruction class in H'(M,K). Energetic content appears
instead as boundary and quasi-local Noether charges (ADM mass, Bondi flux) and, after
averaging and a background-perturbation split, as the Isaacson effective tensor T"GW_pwv.

This is strictly stronger than the usual "gauge dependence" in internal gauge theories. In Yang-
Mills theory, local color is gauge-dependent but local energy density remains gauge-invariant
and physically meaningful. In exact GR, the very localization of energy to a point is
topologically obstructed—it is not merely that different choices give different values, but that no
covariant pointwise definition exists at all.

The appearance of energy in GR requires either:

e Global/boundary localization: ADM mass at spatial infinity, Bondi flux at null infinity

e Quasi-local constructions: Surface integrals over 2-spheres (Hawking-Hayward, Brown-
York)

o Effective descriptions: Isaacson tensor after choosing background g pv, perturbation
h_pv, and averaging scale { with A < { K L

None of these provides what other field theories have: a covariant tensor t_pvg defined at each
point p from finite jets of the metric alone.



Conclusion: GR differs categorically from standard field theories on Criterion A. Energy is not
absent—it appears globally, quasi-locally, and in effective descriptions—but exact pointwise
localization is topologically obstructed.

Scope note: This claim concerns exact, covariant, pointwise localization from finite jets of g.
These statements are compatible with boundary charges (ADM/Bondi) and with the Isaacson
tensor once a background split and averaging scale are chosen.

Criterion B: Gauge-Invariant Local Observables

Electromagnetism

o Field strengths E and B are gauge-invariant
e Energy density p EM = (E? + B?)/(8m) is gauge-invariant
e Can measure field strength and energy density at any point

Yang-Mills Theory

e Individual color components F*a v are gauge-dependent
» BUT: Gauge-invariant combinations exist, such as Tr(F_uv F*uv)
e Local gauge-invariant energy density (1/2) Tr(F? + F?) is well-defined at each point

General Relativity - Categorical Difference in Energy Observables

GR certainly has local diffeomorphism-invariant geometric observables (curvature scalars,
proper time, parallel-propagated tidal components). The distinctive point is energy: there is no
diffeomorphism-invariant, pointwise gravitational energy density at p in the exact theory.

All gravitational energy observables are either:

e Quasi-local: Require integration over 2-surfaces (Hawking-Hayward mass, Brown-Y ork
energy)

e Global: Defined at asymptotic boundaries (ADM mass, Bondi flux)

o Effective: Emerge after background split and averaging (Isaacson T"GW_pv)

The critical question is not "Can we measure geometric properties at a point?" (yes, we can
measure curvature), but rather "What is the gravitational energy density at point p?" This
question has no gauge-invariant answer in exact GR.

Comparison:

In electromagnetism, the question "What is the EM energy density at point p?" has a gauge-
invariant answer: p_ EM = (E? + B?)/(8m).



In Yang-Mills theory, the question "What is the field energy density at point p?" has a gauge-
invariant answer: p_ YM = (1/2) Tr(F* + F?).

In general relativity, the question "What is the gravitational energy density at point p?" has no
gauge-invariant answer in the exact theory—only quasi-local, global, or effective answers after
additional structure is imposed.

Conclusion: GR differs categorically from standard field theories on Criterion B for energy
observables. Geometric observables exist locally, but energy observables do not.

Criterion C: Self-Gravitation

All Standard Fields

o Electromagnetic, scalar, and Yang-Mills fields all have stress-energy tensors

e These appear as sources: G_pv =8nG T pv[field]

o Field energy gravitates and curves spacetime

e The field contributes to the right-hand side of Einstein's equations as an identifiable
energy source

Gravitational Field - Reframed Understanding

GR does self-couple: the nonlinearity of G_pv[g] encodes gravitational self-interaction (wave-
wave scattering, BH mergers). What is absent is a separate, covariant, pointwise T pv|[gravity]
on the RHS; gravity "gravitates" through the LHS geometry. That is the categorical difference
recorded by Criterion A.

In Yang-Mills, one writes G_pv = 8nG (T_pv[matter] + T _uv[YM]). In GR there is no covariant
T pv[gravity]; self-interaction is woven into G_pv[g] itself. Hence not a failure of self-
interaction, but a categorically different representation of it.

What is absent is a separate, covariant, pointwise gravitational stress-energy tensor T pv[g] on
the right-hand side that one could add to the matter stress-energy T pv[fields]. In other field
theories, we can write:

Total source =T pv[matter] + T pv[field]

and explicitly account for the field's contribution to total energy. In GR, we cannot write:

G _pv =8nG (T _pv[matter] + T upv[gravity])

because our Theorem 1 proves that no covariant T pv[gravity] exists. Instead, gravity gravitates

through the geometric structure itself—through the nonlinearity on the left-hand side—not via an
additional local energy tensor on the right.



Categorical Difference:

The distinction is not whether GR self-interacts (it does), but how that self-interaction is
represented mathematically. In Yang-Mills theory, the field's energy appears explicitly as a term
T pv[YM] that can be isolated, computed, and added to other sources. In GR, gravitational self-
interaction is woven into the geometric structure and cannot be isolated as a separate covariant
energy contribution.

This structural difference connects directly to Criterion A: because no local gravitational stress-
energy tensor exists, gravity cannot appear as an explicit source term in the manner of other
fields. The self-coupling happens "implicitly" through geometry rather than "explicitly" through
an identifiable energy tensor.

Conclusion: GR differs categorically from standard field theories in how self-interaction is

represented. Self-coupling exists but is encoded geometrically rather than through a separable
local energy tensor.

Criterion D: Dynamical vs Constraint Structure

Constraint Ratios in Field Theories
Maxwell's Equations:
e 4 equations total
e 2 constraints (Gauss's laws: divergence of E and B)
e 2 dynamical wave equations
o Constraint ratio: 50%

Yang-Mills Theory:

e Similar structure: Gauss's law constraints plus wave equations
e Constraint ratio: approximately 40-50%

General Relativity (ADM formulation):
e 10 Einstein equations
e 4 constraints (Hamiltonian and momentum constraints)
e 6 evolution equations
o Constraint ratio: 40%

But there is a crucial qualitative difference:

The Nature of Constraints vs Evolution



In EM and Yang-Mills:

Constraints select physical initial data

Evolution equations then propagate this data forward

New physical information enters via sources and boundary conditions
Evolution is genuinely dynamical

b

In General Relativity:

Constraints select physical initial data

Evolution equations maintain these constraints (by contracted Bianchi identities)

No new information enters—evolution is entirely determined by constraint preservation
The 6 "evolution" equations do not add new physics; they unfold what is already implicit
in the constraints

b NS

The mathematical structure:

The contracted Bianchi identity V*u G_pv = 0 ensures that if constraints are satisfied initially,
evolution automatically preserves them. The evolution equations are therefore not independent
dynamical laws but rather the time-development that is mathematically necessary to maintain

consistency.

Analogy: Like solving a Sudoku puzzle—Ilater steps don't introduce new rules; they unfold
logical consequences of initial constraints.

Conclusion: GR's "dynamics" are constraint-preserving consistency conditions, not genuine
physical evolution in the sense of EM or Yang-Mills.

Criterion E: Arena Independence
This is perhaps the most fundamental structural distinction.
Standard Gauge Theories

Electromagnetism:

Gauge transformation: A — A + Oh

Acts on field values (4-potential components)
Spacetime points retain gauge-invariant identity
Can meaningfully ask "what happens at location x?"

Yang-Mills:

e Gauge transformation: A”a — U A”a U”(-1) + U oUN(-1)



e Acts on internal color indices
e Spacetime manifold is gauge-invariant background
o Points x have absolute identity independent of field configuration

General Relativity — Relational Arena (Categorical Difference)
Diffeomorphism gauge:

e Active diffeomorphism: ¢: M — M
e (Gauge transformation: g — ¢*g
e Acts on spacetime points themselves

The critical consequence: There is no gauge-invariant way to identify spacetime points. Two
metrics related by a diffeomorphism describe the same physical geometry, but the
diffeomorphism moves points around.

What this means:

o Cannot ask "what is the energy at point p?" because p itself has no gauge-invariant
meaning

e Only relationships between events are physical

o The substrate (spacetime manifold) is itself part of the gauge redundancy

Comparison table:

Theory Gauge acts on Arena status Point identity
EM Field values A _p Fixed spacetime Absolute
Yang-Mills Color indices Fixed spacetime Absolute
GR Spacetime points Part of gauge  Relational only

Philosophical consequence: In EM and Yang-Mills, spacetime provides an arena on which
fields live. In GR, the arena itself is gauge. This eliminates the substrate on which "physical
field" would ordinarily be defined.

Conclusion: GR fails Criterion E in a way that is qualitatively different from any other field
theory.

Summary: The Categorical Differences

General relativity exhibits categorical differences from paradigmatic field theories across
multiple criteria:



Criterion EM/Yang-Mills GR

. . ) . .
A: Local energy v Covariant pointwise X H'(M,K) # 0 obstruction; only boundary/quasi-

tensor local/effective

B: Local energy v Gauge-invariant at . :
observables points X Only quasi-local, global, or after averaging

. o v Separate ~ Self-coupling through LHS nonlinearity; no
C: Self-gravitation T uv[field] on RHS  separate RHS tensor
D: Dynamical v Hyperbolic v Hyperbolic after gauge-fixing; genuine waves;
structure evolution no pointwise energy tensor
E: Arena v Gauge on fields . .
independence only X Gauge acts on spacetime points themselves

Three unambiguous categorical differences:

Criteria A, B, and E reveal genuine structural distinctions. GR lacks covariant pointwise
gravitational energy (A), lacks gauge-invariant local energy observables (B), and has gauge
acting on the spacetime arena itself rather than field values within that arena (E). These are not
matters of interpretation or emphasis—they are mathematically demonstrable features
distinguishing GR from standard field theories.

Two qualified differences:

Criteria C and D require nuance. GR does exhibit self-coupling (through nonlinear geometry)
and genuine hyperbolic evolution (after gauge-fixing), but the form these take differs from
standard fields: self-coupling is geometric rather than via a separate energy tensor (C), and
evolution propagates curvature patterns without associated pointwise energy density (D).

The cumulative pattern:

These differences interlock systematically. The absence of pointwise energy (A) connects to the
absence of local energy observables (B). The arena-level gauge structure (E) undermines the
conceptual basis for "energy at point p" before the cohomological obstruction (A) rules it out
mathematically. The geometric self-coupling (C) and wave propagation (D) proceed without
local energy substance because the cohomological structure forbids it.

Individually, each difference might be accommodated as a peculiarity of gravitational physics
within the standard field-theoretic framework. Collectively, they form a coherent pattern
pointing toward an alternative interpretation: general relativity functions as a geometric
consistency framework—a theory describing how spacetime structure must evolve to maintain
relational coherence—rather than as a standard theory of energy-carrying fields propagating
through spacetime.

Executive Thesis: Exact GR differs in kind from standard local field theories at the level of local
energy representation. Although it has genuine waves and local geometric observables



(curvature, proper time, tidal tensors), there is no covariant, pointwise gravitational stress-energy
tensor: energetic content appears globally/quasi-locally (ADM/Bondi) and effectively after
averaging (Isaacson). Because diffeomorphisms act on the arena itself, "energy at a point" lacks
a stable gauge-invariant target, and the cohomological analysis makes this obstruction precise.
GR is therefore a mathematical constraint system with real dynamics and inherently non-local
energy representation—whether fundamental or emergent remains an open question.

This interpretation is not forced by the mathematics alone, but it is strongly suggested by it. The
cohomological obstruction (A) is a theorem, not an interpretation. The absence of local energy
observables (B) and arena-level gauge (E) are structural facts about the theory. The natural
reading of these facts is that GR describes geometric relationships rather than energetic
substances, constraint satisfaction rather than substance transport.

Section 6: Gravitational Waves and the LIGO Observations

6.1 The Prima Facie Objection

The most forceful objection to our thesis confronts us immediately and demands serious
engagement. In September 2015, the Laser Interferometer Gravitational-Wave Observatory
detected gravitational waves from merging black holes, a discovery that earned the 2017 Nobel
Prize in Physics. Moreover, decades earlier, observations of the binary pulsar PSR B1913+16
showed orbital decay matching GR's predictions for energy loss through gravitational radiation
with extraordinary precision. The objection writes itself: gravitational waves demonstrably carry
energy away from their sources, propagate through spacetime, and deposit energy in detectors.
How can we possibly maintain that gravity is not a physical field when LIGO has literally
detected gravitational radiation?

This objection appears devastating to our thesis. Indeed, if gravitational waves transport local
energy density through spacetime in the manner of electromagnetic waves, then our entire
argument collapses. We must therefore address this challenge with utmost care and rigor,
showing that the LIGO observations, remarkable as they are, remain fully compatible with the
geometric-relational interpretation we have developed.

6.2 What LIGO Actually Measures: Strain as Relational Geometry

To understand what LIGO observations imply about the nature of gravity, we must first be
precise about what the instrument actually measures. LIGO is a Michelson interferometer with
arms extending four kilometers in perpendicular directions. Suspended mirrors at the ends of
these arms serve as test masses in free fall. When a gravitational wave passes, the instrument
measures the dimensionless strain h, defined as the fractional change in the separation L between
Mirrors:

h=AL/L



The crucial point is that strain is fundamentally a relational quantity. It does not characterize any
intrinsic property of spacetime at a particular point, but rather describes how the geometric
relationship between spatially separated events changes. A single test mass in isolation cannot
detect a gravitational wave; detection requires measuring the relative displacement between at
least two separated masses. This is not merely a practical limitation of our measurement
technology—it reflects something deep about the nature of what gravitational waves represent.

Consider the contrast with other field measurements in physics. When we measure an
electromagnetic field, we can place a test charge at a single point and measure the local force
acting upon it. This force is proportional to the electric field strength E at that precise location.
Similarly, a particle detector responds to local particle flux—the number of particles traversing a
small volume element per unit time. These measurements capture local properties of the field or
particle distribution at essentially a single point in space.

LIGO's measurement is categorically different. The strain h characterizes not what happens at
any particular location, but rather how the metric relationship between two separated points
evolves. In geometric terms, LIGO measures the rate of change of proper distance between
geodesics, integrated over the light travel time between mirrors. This is precisely what our
cohomological framework describes: the failure of local inertial frames to remain parallel,
encoded in the evolution of the obstruction class.

Therefore, LIGO detects changes in geometric relationships—exactly what our framework
predicts for propagating relational information. The measurement does not require, nor does it
provide evidence for, local gravitational energy density at any point along the detector arms. The
gravitational wave manifests as a pattern of changing geometric correlations, not as a substance
localized in spacetime.

6.3 The Three Locations of Gravitational Wave Energy

Having established what LIGO measures, we must now confront the energy question directly.
When physicists say that gravitational waves "carry energy," we must ask with precision: where
exactly is this energy located? This is not a semantic quibble but a question with concrete
mathematical content. Three possible answers present themselves, each with profoundly different
implications for our thesis.

Not Available in Exact GR (as a Covariant, Pointwise Tensor)

The first option would be that gravitational wave energy exists as a local density t pvg at each
spacetime point X, analogous to the electromagnetic energy density (E? + B?)/(8m). This would be
the most direct parallel to ordinary field theory and would indeed refute our thesis if it could be
realized.

However, our Theorem 1 establishes that this option is mathematically impossible. The
cohomology group H'(M,K) is non-trivial precisely because no such covariant local tensor can
exist. This is not a matter of insufficient cleverness in defining the tensor, nor a calculational
difficulty that might be overcome with better techniques. It is a topological obstruction intrinsic
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to the geometric structure of general relativity. The equivalence principle demands that any local
gravitational energy density vanish in freely falling frames (Riemann normal coordinates), and
covariance then extends this vanishing to all frames, yielding the identically zero tensor
everywhere.

One might object that this argument applies only to tensors built from first derivatives of the
metric, and that gravitational wave energy might reside in higher-derivative curvature terms. But
this objection fails. The Riemann curvature tensor and its contractions (Ricci tensor, Ricci scalar,
Weyl tensor) are indeed non-vanishing in gravitational wave spacetimes. However, these objects
measure tidal forces—the relative acceleration between nearby geodesics—not gravitational
energy density. Tidal forces are detectable in freely falling frames precisely because they
represent intrinsic spacetime geometry rather than the eliminable "gravitational field" that
vanishes via coordinate choice. Any tensor representing energy density must vanish in free fall
by the equivalence principle, regardless of its derivative order. The topological obstruction is
absolute and admits no loopholes through higher derivatives.

The Effective Option: Isaacson's Averaged Tensor

The second option, and the one most commonly invoked in discussions of gravitational wave
energy, is the Isaacson effective stress-energy tensor. This construction, developed by Richard
Isaacson in 1968, provides a well-defined notion of gravitational wave energy density, but only
within a carefully circumscribed framework that involves essential departures from exact general
relativity.

The Isaacson approach begins by splitting the metric into a background and a perturbation: g_pv
=g uv+h_pv, where h represents a small-amplitude, short-wavelength gravitational wave
propagating on a slowly-varying background geometry g. The method requires a clear separation
of scales: the wavelength A of the perturbation must be much smaller than an intermediate
averaging scale {, which in turn must be much smaller than the characteristic curvature radius L
of the background: A < £ <« L. An averaging operator A_{ is then defined to smooth over
regions of size €, removing the rapid oscillations of h while preserving the slow variation of g.

When we compute the Einstein tensor for the full metric g = g + h and apply the averaging
operator, we obtain: A (G _pv[g+ h]) =G _pv[g] + 8xG T "GW_pv[g, h], where T"GW _pv is
the Isaacson effective stress-energy tensor for gravitational waves. This tensor is positive-
definite, symmetric, and divergence-free with respect to the background metric, and it correctly
predicts the rate of energy flux in radiative systems.

However, we must be absolutely clear about what this construction represents. The Isaacson
tensor is not a property of exact general relativity but rather of a coarse-grained effective
description that emerges only after we impose several non-fundamental structures. First, we must
choose a background metric g, which constitutes a gauge choice that breaks the full
diffeomorphism invariance of exact GR. Second, we must select an averaging scale ¢,
introducing a fundamentally scale-dependent quantity that has no meaning in the exact theory.
Third, the averaging operation itself is non-local—it requires integrating over a finite spatial
region, not merely evaluating the metric and its derivatives at a point.
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The proper analogy here is to thermodynamics and statistical mechanics. Temperature is a
meaningful and measurable quantity, but it is not a property of individual molecules—it emerges
only when we coarse-grain over ensembles containing many particles. Similarly, the Isaacson
energy density is meaningful and calculable, but it is not a property of exact spacetime geometry
at a point—it emerges only when we coarse-grain over regions large compared to the
wavelength. Just as we do not conclude that thermodynamics is not physical because temperature
requires ensemble averaging, we should not conclude that gravitational waves are not real
because energy requires scale averaging. However, we must recognize that this energy is
effective and emergent, not a fundamental local property of the exact theory.

This effective character is precisely what our cohomological framework predicts. Exact GR,
characterized by the non-trivial obstruction class in H'(M,K), forbids pointwise energy
localization. But when we move to an effective description—integrating out short-distance
degrees of freedom and averaging over intermediate scales—quasi-local energy definitions
become possible. The Isaacson tensor is thus compatible with our thesis: it demonstrates that
gravitational wave energy is real and measurable at appropriate scales, but it confirms rather than
contradicts the claim that exact GR lacks local energy density.

The Fundamental Option: Bondi-Sachs Boundary Flux

The third option, and the one that most directly captures gravitational wave energy within exact
general relativity, locates the energy not in the spacetime bulk but at its asymptotic boundary. In
the Bondi-Sachs formalism for asymptotically flat spacetimes, we foliate spacetime by outgoing
null hypersurfaces emanating from a central timelike worldline. At future null infinity I*, we can
define the Bondi mass aspect M_B(u, 0, ¢), which depends on the retarded time u and the
angular coordinates (0, @) on the celestial sphere at infinity.

The rate of change of Bondi mass with respect to retarded time gives the energy flux carried
away by gravitational radiation:

dM_B/du = -(1/4n) | [News"ABJ? dQ

where News”AB is the Bondi news tensor, which measures the time derivative of the shear of
outgoing null geodesics, and the integral extends over the 2-sphere at infinity. This formula has
remarkable properties. First, it is manifestly non-negative: energy flows outward from the
source, never inward from infinity. Second, it is fully covariant within the asymptotic symmetry
group (the Bondi-Metzner-Sachs group). Third, it depends only on the geometric structure at the
boundary, not on any arbitrary choices in the bulk.

The Bondi energy flux is not an approximation or an effective description—it is an exact
statement within general relativity for asymptotically flat spacetimes. When we say that a
gravitational wave carries energy, this is the precise mathematical form that statement takes in
exact GR: the energy appears as a flux through the boundary at infinity, characterized by a
change in the Bondi mass aspect.
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This boundary localization of energy is precisely what our cohomological analysis predicts. The
obstruction class [c_afj] € H'(M,K) represents the global failure of local energy density to exist.
But cohomology classes naturally pair with boundary data. Under the Cech-de Rham
correspondence, the first cohomology H'(M,K) maps to the relative cohomology H*(n-
1)(M,0M), and integration over the boundary oM yields conserved charges. The Bondi energy is
exactly such a charge—a topological invariant arising from the cohomological structure of GR,
manifesting at the boundary where the obstruction to local definition transforms into a well-
defined global quantity.

Therefore, when we account for gravitational wave energy within exact GR, we find it located
not in spacetime but on its boundary. The energy is global and relational: it characterizes the
relationship between the interior geometry and the asymptotic structure, not any local property of
the gravitational field itself.

6.4 Binary Pulsar Orbital Decay: The Accounting of Relational Energy

The binary pulsar PSR B1913+16, discovered by Hulse and Taylor in 1974, provides one of the
most precise tests of general relativity's predictions for gravitational radiation. The system
consists of two neutron stars orbiting their common center of mass with an orbital period of
about 7.75 hours. Because one of the stars is a pulsar—emitting regular radio pulses as it
rotates—we can measure the orbital parameters with extraordinary precision by timing the
arrival of these pulses at Earth.

Over decades of observation, the orbital period has been measured to decrease at a rate of dP/dt =
-2.40 x 10"(-12) seconds per second. General relativity predicts that this decay should occur
because the system radiates gravitational waves, carrying away orbital energy and angular
momentum, causing the orbit to shrink. The predicted rate, calculated from GR using the
measured masses and orbital parameters, is -2.40 x 10°(-12), agreeing with observation to better
than 0.2%. This spectacular agreement earned Hulse and Taylor the 1993 Nobel Prize and is
often cited as indirect detection of gravitational waves, confirmed years before LIGO's direct
detection.

The standard interpretation of this observation is straightforward: gravitational waves carry
physical energy away from the binary system into the surrounding spacetime, and this energy
loss manifests as orbital decay. This interpretation appears to demand that gravitational radiation
be a physical, energy-carrying phenomenon, seemingly refuting any claim that gravity is purely
geometric or relational.

However, we must examine more carefully what this observation actually demonstrates about the
nature of gravitational energy. The crucial question is not whether energy is conserved or
whether the system's energy decreases—these facts are uncontested. Rather, the question is:
where does the energy reside during its supposed "transport" from the binary to infinity, and does
this require local energy density in the spacetime bulk?

Consider the energy budget from the perspective of our cohomological framework. The binary
system's orbital energy decreases—this is a measurable property of the matter configuration,
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represented by the change in the Keplerian orbital parameters. This decrease is encoded in the
matter stress-energy tensor T pv[matter], which is perfectly well-defined and covariant. At
future null infinity, the Bondi mass increases (or more precisely, the Bondi mass aspect changes
as energy flux passes through I*), as we described in the previous subsection. The Bondi flux
formula precisely accounts for the energy leaving the system.

The key observation is that energy conservation in this picture is enforced globally through the
constraint structure of general relativity, not through local transport of energy density through the
bulk spacetime. The Einstein equations, through the contracted Bianchi identities V*"u G_pv =0,
ensure that energy lost by the matter system equals energy gained at the boundary. This is a
constraint equation—a consistency condition that must be satisfied for the geometric and matter
configurations to represent a solution of GR—not a dynamical law describing local energy flow.

The accounting is entirely relational: energy leaves the matter system (a measurable change in
orbital parameters), and energy appears at the boundary (a measurable change in the Bondi mass
aspect). The Einstein equations enforce that these two changes are equal, maintaining global
consistency. But nothing in this picture requires or provides evidence for energy density
localized in the intermediate spacetime region between the binary and infinity.

An analogy may be helpful, though imperfect. Consider an electrical circuit with a battery
connected to a resistor through wires. As current flows, the battery's chemical energy decreases
while the resistor dissipates thermal energy. Energy conservation demands that the rate of battery
discharge equal the rate of resistive heating. We might say that "electrical energy flows through
the wires," and indeed we have a well-defined Poynting vector describing energy flux in the
electromagnetic field. But we could also account for the energy purely through global
constraints: battery energy decreases by AE, resistor energy increases by AE, conservation
requires AE battery + AE resistor = 0. The local Poynting vector provides additional structure—
a story about how energy gets from source to sink—but the global accounting would remain true
even if no local energy flux description existed.

In general relativity, we have the global accounting (binary loses energy, boundary gains energy,
constraints enforce equality) but we lack the local energy flux description because H'(M,K) # 0
forbids local gravitational stress-energy. The binary pulsar observations confirm GR's global
constraints work perfectly. They do not—indeed, cannot—provide evidence for local energy
density in the bulk, because the observations themselves are global: we measure orbital
parameters (integrated over the orbit) and infer Bondi flux (integrated over the boundary sphere).
No observation accesses local energy density at individual spacetime points between the source
and infinity.

This reframing does not diminish the reality of energy loss from the binary or energy gain at
infinity. These are genuine physical phenomena with observational consequences. But it shows
that these phenomena can be fully accounted for within a purely geometric, constraint-based
framework without invoking local gravitational energy substance in the spacetime bulk. The
binary pulsar observations test GR's mathematical consistency and find it upheld to extraordinary
precision. They do not require—and do not provide evidence for—physical gravitational energy
density propagating through spacetime.
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6.5 What Propagates in a Gravitational Wave?

Having established where gravitational wave energy resides—at boundaries and in effective
coarse-grained descriptions, not as exact local density—we must now ask a deeper question:
what actually propagates when a gravitational wave moves through spacetime? The answer to
this question will determine whether we should interpret GR as describing physical substance
transport or geometric information evolution.

The standard narrative, found in popular accounts and many textbooks, describes gravitational
waves as "ripples in the fabric of spacetime" that propagate outward from their source, carrying
energy much as ocean waves carry energy through water or electromagnetic waves carry energy
through the electromagnetic field. This picture suggests a substance-based ontology: spacetime is
a medium, gravitational waves are excitations or deformations of that medium, and these
excitations transport energy-momentum from place to place.

Our cohomological analysis suggests a profoundly different picture. What propagates in a
gravitational wave is information about the failure of local inertial frames to remain parallel—the
evolution of geometric relationships, not the motion of any substance. Let us make this precise.

In vacuum regions, the Riemann curvature tensor R"o._Buv satisfies a wave equation derived
from the Einstein field equations. More specifically, the Weyl tensor C_apuv—the trace-free
part of the Riemann tensor that contains all information about gravitational waves—propagates
according to hyperbolic differential equations with characteristic speed c. This is mathematically
indisputable: GR predicts propagating solutions for the curvature tensor.

However, we must be careful about what the Weyl tensor represents physically. The Weyl tensor
measures tidal forces: the relative acceleration experienced by nearby geodesics in free fall.
When a gravitational wave passes through a ring of freely falling test particles, the Weyl tensor
encodes how the ring distorts—stretching in one direction while compressing perpendicular to fit,
with the distortion pattern rotating at the wave frequency for circularly polarized waves. This
tidal effect is a purely geometric property: it describes the relationship between the worldlines of
different test particles, not any intrinsic property at a single point.

Crucially, the Weyl tensor is not an energy density. In vacuum spacetimes, where G_pv = 0, the
Einstein equations provide no relation between curvature and energy—there is no matter stress-
energy present, and our cohomological analysis shows that gravitational stress-energy cannot
exist in exact GR. The Weyl tensor encodes geometric information (how geodesics fail to remain
parallel) that propagates according to wave equations, but this geometric information is not
identical to energy density.

The distinction becomes clear when we recall that energy density, by the equivalence principle,
must vanish in freely falling reference frames. But tidal forces—encoded in the Weyl tensor—
are still present in free fall. Indeed, tidal forces are the only aspect of gravity that cannot be
eliminated by coordinate choice: they represent intrinsic spacetime curvature rather than the
eliminable "gravitational field" that vanishes in Riemann normal coordinates. An observer in a
freely falling elevator detects no gravitational field at their location (things float weightlessly),
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but they can detect tidal forces by measuring the relative acceleration of separated test masses.
The LIGO detector, whose mirrors are in free fall, works precisely by measuring such tidal
effects.

Therefore, what propagates in a gravitational wave is geometric curvature information—a pattern
describing how geodesics diverge and converge—not local energy density. This information is
objective and measurable (LIGO detects it), it propagates at speed ¢ following well-defined wave
equations, and it produces physical effects on matter distributions. But it is fundamentally
relational rather than substantial: it characterizes relationships between separated worldlines
rather than properties at individual points.

In our cohomological language, the propagating gravitational wave represents the evolution of
the obstruction class [c_af] € H'(M,K). As the wave passes, local trivializations of the
gravitational energy (the coordinate-dependent pseudo-tensors that vanish in free fall) change,
and the cocycle describing their mismatch on overlaps evolves. This evolution is precisely what
the wave equations for the Weyl tensor describe. The cohomology class itself—the global
topological invariant—changes as the wave modifies the asymptotic structure, showing up as
time-dependence in the Bondi mass aspect at infinity.

This perspective reframes the fundamental distinction between gravitational and electromagnetic
waves. In electromagnetism, we can ask whether light is "really" made of particles (photons) or
waves (field oscillations), but both interpretations involve substance or energy-carrying entities.
Photons have energy E = hv and momentum p = h/A; electromagnetic field oscillations have
energy density (E? + B?)/(8n) and Poynting flux S = (c/4m) E x B. Whether we adopt a particle or
wave picture, electromagnetic radiation transports localized energy through space.

In general relativity, by contrast, gravitational waves transport geometric relational information.
Energy appears only when we integrate over boundaries (Bondi flux) or average over scales
(Isaacson), not as a local property in the bulk. The gravitational wave is a propagating pattern of
geometric correlations, not a substance moving through spacetime. This is not a failure of GR
but rather a feature reflecting its geometric-relational character: the theory describes how
spacetime geometry is structured and how that structure evolves, without requiring localized
energy density at intermediate stages.

6.6 The Strain-Energy Relationship and Theoretical Circularity

A subtle but important point concerns how we infer energy from LIGO observations. LIGO does
not measure energy directly; it measures strain—the dimensionless quantity h characterizing
fractional length change. To extract energy content from strain measurements requires invoking
the theoretical framework of general relativity itself. Understanding this circularity helps clarify
what the observations actually test.

The process of inferring energy from LIGO data proceeds roughly as follows. First, the detector
records strain h(t) as a function of time, showing the characteristic "chirp" pattern as the wave
frequency increases (for a binary inspiral signal). Second, this time-domain signal is analyzed
using matched filtering against a bank of theoretical templates—numerical solutions of Einstein's
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equations for various binary masses, spins, and orientations. Third, by finding the best-match
template, we infer the source parameters: the masses m: and m: of the binary components, their
distance D from Earth, and the orbital inclination. Fourth, using these parameters within GR's
mathematical framework, we calculate the energy radiated during the merger using formulas
derived from the Bondi flux or Isaacson tensor.

At no stage in this process do we measure energy directly. We measure a geometric effect
(strain) and use GR's theoretical structure to convert this geometric measurement into an energy
estimate. The energy we attribute to the gravitational wave is a theoretical construct derived from
applying GR's formalism to interpret geometric data.

In EM, a gauge-invariant, pointwise energy density T"EM_00 and local flux exist and
underwrite calorimetric procedures. In exact GR there is no covariant pointwise analogue; GW
energy is inferred either as Bondi flux (boundary) or via the Isaacson tensor after a background
split and averaging (effective). Thus LIGO measures geometry (strain) directly and energy
indirectly through GR's boundary/effective formalisms.

This is not a criticism of LIGO's analysis—the matched-filtering approach is the only sensible
way to extract information from gravitational wave data, and it works magnificently. But it does
clarify what the observations test. LIGO confirms that GR's mathematical framework—its wave
equations, constraint structure, and boundary conditions—accurately describes observed
geometric phenomena. The framework allows us to compute consistent energy accounting
without requiring local energy density in the bulk. The observations test mathematical
consistency and geometric prediction, finding both confirmed to extraordinary precision.

This circularity is significant for our thesis. What LIGO confirms is that GR's mathematical
framework—its wave equations, its constraint structure, its boundary conditions—accurately
describes observed geometric phenomena. The framework allows us to compute consistent
energy accounting (binary loses energy, boundary gains energy, totals balance) without requiring
local energy substance. The observations test mathematical consistency and find it confirmed to
extraordinary precision. They do not independently verify that gravitational waves carry local
energy density, because that local energy density does not appear in the exact theory and is not
what LIGO measures.

6.7 Why LIGO Observations Are Compatible With Our Thesis

We are now prepared to state clearly why the gravitational wave observations, remarkable as
they are, remain fully compatible with the geometric-relational interpretation developed in our
cohomological framework.

Our claim is not that gravitational waves do not exist or that LIGO detected nothing of physical
significance. Such claims would be absurd in light of the evidence. Rather, our claim is specific:
exact general relativity does not contain local gravitational energy density, and all actual energy
measurements (LIGO strain, binary orbital decay, Bondi flux) are compatible with a purely
geometric, constraint-based theory without energy substance in the spacetime bulk.
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What do the LIGO observations confirm? They confirm that spacetime geometry is dynamical:
geometric structure changes over time in response to matter distributions and boundary
conditions. They confirm that these geometric changes propagate at the speed of light with two
independent polarization states, exactly as GR predicts. They confirm that propagating curvature
produces measurable effects on separated test masses—the strain that LIGO detects. And they
confirm that GR's mathematical predictions, derived from Einstein's equations and their
constraint structure, describe these phenomena with spectacular accuracy.

What do the observations not confirm? They do not confirm that local gravitational energy
density exists at points in spacetime between the source and detector. They cannot confirm this,
because the obstruction we have proven—H'(M,K) # 0—is a statement about the mathematical
structure of the theory itself, not about any particular solution or observation. The observations
are fully consistent with energy residing at boundaries (Bondi flux) and in effective descriptions
(Isaacson), which is exactly what our cohomological framework predicts.

The compatibility can be stated precisely: A geometric, constraint-based theory in which
spacetime curvature evolves according to Einstein's equations, with energy appearing only as a
global boundary phenomenon and in effective coarse-grained descriptions, would produce
exactly the same observational signatures that LIGO detected. Propagating geometric curvature
(Weyl tensor patterns) affects the relative motion of test masses (producing strain), and the
evolution of this curvature is constrained by Einstein's equations to conserve energy at
boundaries (Bondi flux balances matter energy loss). No local energy density in the bulk is
required at any stage.

Consider an analogy to thermodynamics that may clarify our position. Thermodynamics makes
perfect predictions about heat flow, pressure-volume work, and phase transitions. We can
measure temperature, pressure, and entropy with great precision. These measurements confirm
thermodynamic predictions spectacularly. Yet we recognize that thermodynamics is a
macroscopic, phenomenological theory: its variables are coarse-grained, statistical quantities that
emerge from underlying microscopic dynamics. Temperature is not a property of individual
molecules; it is meaningful only for ensembles. This does not make thermodynamics unphysical
or its predictions unreal—it correctly describes physical phenomena at appropriate scales—but it
does mean we should not attribute microscopic, local-property ontology to thermodynamic
variables.

Similarly, general relativity makes perfect predictions about gravitational phenomena. LIGO
measurements confirm these predictions spectacularly. Yet our cohomological analysis shows
that gravitational energy, like thermodynamic temperature, is not a pointwise property—it is
meaningful only as a global, boundary, or coarse-grained quantity. This does not make
gravitational waves unphysical or their effects unreal, but it does suggest that we should interpret
GR as describing geometric structure and consistency rather than requiring local energy-
substance ontology.

The LIGO observations test GR's geometric structure and find it accurate. They provide no

grounds for positing local energy density in the bulk beyond that geometric structure, because
the exact theory does not contain such density and the observations do not access it.

18



6.8 Interpretive Upshot

At this point, it is worth reflecting on what our analysis establishes and what interpretive
conclusions naturally follow.

We have proven—through Theorem 1 and the cohomological analysis—that local gravitational
energy density cannot exist in exact general relativity as a covariant, pointwise functional of the
metric. This is not a hypothesis or interpretation but a mathematical theorem following from the
equivalence principle, naturality, and covariance. The cohomology group H'(M,K) is
demonstrably non-trivial, establishing an obstruction to any covariant, locally constructed
gravitational stress-energy tensor.

Yet GR accounts for all energetic phenomena successfully. Gravitational waves transport energy
(LIGO detections, binary pulsar decay), energy is conserved (Bondi flux balances matter energy
loss), and all quantitative predictions match observations to extraordinary precision. How does
the theory accomplish this without local energy density?

The answer lies in GR's inherently non-local energy structure. Energy appears as:

e Boundary charges (ADM mass at spatial infinity, Bondi flux at null infinity)
e Quasi-local constructs (surface integrals over 2-spheres, Hawking-Hayward mass)
o Effective descriptions (Isaacson tensor after background split and scale averaging)

Since exact GR forbids a covariant pointwise gravitational energy tensor yet accounts for all
energetic phenomena via boundary, quasi-local, and effective constructs, the parsimonious
reading is that GR's energetic content is inherently non-local in its exact formulation. Any
interpretation positing a local energy density should identify the additional structure
(background, averaging, or gauge) it relies on.

This non-local character is not a defect but a structural feature reflecting GR's geometric-
relational nature. Energy characterizes global and quasi-local properties of spacetime
geometry—how boundaries behave, how energy flux integrates over surfaces—rather than
properties at individual points. The theory maintains perfect predictive power and empirical
adequacy while representing energy in fundamentally different terms than other field theories.

The observational evidence (LIGO, binary pulsars, gravitational lensing) tests this non-local
structure and finds it spectacularly confirmed. The data do not require—and our mathematical
analysis shows cannot support—attribution of local energy density to the exact gravitational
field.

6.9 Summary: Waves of Geometry, Not Requiring Local Energy Density

We conclude this extended analysis of gravitational waves with a clear statement of what the
LIGO and binary pulsar observations establish and what they leave open.
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Gravitational waves are real as geometric phenomena. Spacetime curvature propagates; the Weyl
tensor satisfies wave equations; tidal forces oscillate as waves pass. These are objective features
of the geometric structure, not artifacts of coordinate choice or theoretical interpretation. LIGO
detected genuine physical effects: test masses moved in response to passing curvature patterns
exactly as GR predicts. The binary pulsar system genuinely loses energy, which genuinely
appears as flux through boundaries at infinity. None of this is in dispute.

Gravitational waves are measurable and have observable consequences. LIGO measured strain to
extraordinary precision. Binary pulsar timing revealed orbital decay matching theoretical
predictions to better than 0.2%. Gravitational lensing of background sources by gravitational
waves may soon be detected. These measurements confirm that GR's mathematical framework
describes geometric phenomena with spectacular accuracy.

Gravitational waves "carry energy" in the sense that energy accounting is consistent: energy
leaves sources, appears at boundaries, and the totals balance according to GR's constraint
equations. The Bondi flux formula gives precise values for energy transport. The Isaacson tensor
provides an effective local description after appropriate averaging. Energy conservation in
gravitational wave physics is not in doubt.

But gravitational waves do not require local energy density in exact GR. What propagates in a
gravitational wave is information about geometric relationships—how geodesics diverge and
converge, how local inertial frames fail to remain parallel, how the pattern of spacetime
curvature evolves. Energy associated with these waves appears at boundaries (Bondi) and in
coarse-grained effective descriptions (Isaacson), but does not exist as pointwise density in the
exact theory due to the topological obstruction H'(M,K) # 0.

The LIGO observations are therefore fully compatible with interpreting general relativity as a
geometric constraint system—a theory describing how geometric structure must evolve to
maintain self-consistency. The waves are propagating patterns in geometric curvature, not
requiring local energy density attribution for their description or prediction. They are no less real
for being geometric rather than requiring local energy ontology, no less measurable for being
relational rather than pointwise localizable, and no less significant for being boundary
phenomena rather than bulk densities.

This interpretation preserves everything that makes gravitational waves impressive and
important—their objective existence, their measurable effects, their precise agreement with
theory—while remaining consistent with the mathematical structure that our cohomological
analysis has revealed. The geometric-relational character of GR, far from being refuted by
gravitational wave observations, is confirmed by the fact that these observations fit perfectly into
a framework where energy is global, relational, and boundary-localized rather than requiring
local, pointwise density in the bulk.

Section 8: Conclusion - What We Have Established
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8.1 Proven Results
We have established rigorously through mathematical analysis:

1. The Cohomological Obstruction: No covariant, pointwise gravitational energy tensor
exists in exact GR (H'(M,K) # 0). This is a topological obstruction, not a technical
limitation.

2. Non-Local Energy Structure: All well-defined gravitational energy constructs require
additional structure:

o Boundaries (ADM mass at spatial infinity, Bondi flux at null infinity)
o Quasi-local surfaces (Hawking-Hayward, Brown-Y ork masses)
o Background split plus averaging (Isaacson effective tensor)
3. Categorical Structural Differences: GR differs from paradigmatic field theories (EM,
Yang-Mills) on:
o (A) Local energy localization - absent in exact GR
o (B) Pointwise energy observables - only quasi-local/global/effective
o (E) Arena-level gauge - diffeomorphisms act on spacetime points themselves

4. Observational Compatibility: Gravitational wave observations (LIGO, binary pulsars)
are fully compatible with inherently non-local energy representation. LIGO measures
geometric strain; energy is inferred via GR's boundary/effective formalisms.

These are established facts following from mathematical proof and empirical observation.
8.2 The Interpretive Choice
Given these proven features, two interpretations remain available:
Interpretation 1: GR Describes a Geometric-Mathematical Framework
e Spacetime geometry encodes constraints and relationships
o Energy accounting is global and relational
e No underlying energy substance is required or definable

o Possibly emergent from deeper quantum-gravitational substrate

This interpretation takes GR's structure at face value: the theory describes constraint satisfaction
and geometric relationships without positing an underlying gravitational substance.

Interpretation 2: GR Describes a Physical Gravitational Medium

If one insists spacetime is a physical substance or medium (rather than a geometric framework),
one must accept that this "substance" has profoundly unusual properties.

8.3 Properties Required of "Physical Spacetime Substance

To maintain that spacetime is a physical substance carrying gravitational energy, one must
accept:
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1. No Local Energy Density Despite being the "carrier" of gravitational energy, it provably has
no energy at any point (H'(M,K) # 0). Every other physical medium has local energy density.

2. No Stress, Tension, or Pressure Unlike all other physical media (air, water, electromagnetic
field), it has no stress-energy tensor describing internal forces or resistance to deformation.

3. Completely Undetectable Locally The equivalence principle requires it vanishes entirely in
freely falling frames. No local measurement can detect its presence—it becomes
indistinguishable from empty space.

4. Predominantly Gauge Structure After constraints and gauge-fixing, most metric
components are coordinate choices; only 2 radiative degrees of freedom remain (gravitational
wave polarizations). This heuristic "80% gauge" ratio is far higher than in other field theories.

5. Infinitely Malleable Can be "flattened" to Minkowski metric at any point by coordinate
transformation. No resistance, no preferred configuration, no elastic properties.

6. No Self-Coupling via Energy Tensor Unlike electromagnetic or Yang-Mills fields (whose
energy curves spacetime via stress-energy), gravitational "substance" cannot appear as a source
term. Self-interaction is encoded geometrically on the LHS, not energetically on the RHS.

7. No Standard Local Thermodynamic Characterization Cannot assign local temperature or
entropy density to the gravitational field in the bulk. (Horizon thermodynamics exists but
concerns boundaries, not local properties.)

8. Non-Local Energy Transport Waves propagate through it carrying energy, but the energy
exists only at boundaries (Bondi) or after averaging (Isaacson), never in the bulk spacetime.

9. Relationally Defined All properties require comparison between separated regions. Nothing
intrinsic to individual spacetime points—everything is relational.

10. Ontologically Indeterminate Points Diffeomorphisms act on points themselves, so "the
same point" has no gauge-invariant meaning across solutions. The substrate itself is part of gauge
redundancy.

8.4 The Strained Usage of '"Physical"

This list reveals the interpretive cost of calling spacetime a "physical substance": the word
"physical" must be stretched to cover something lacking every property we normally associate
with physical things—Ilocal energy, stress, detectability, thermodynamics, self-coupling, intrinsic
properties.

At what point does calling something "physical" become vacuous? If a purported substance has

no local energy, no stress, no intrinsic properties, vanishes in free fall, is 80% gauge redundancy,
and is ontologically relational rather than substantial—in what meaningful sense is it "physical"?
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The term "physical" does semantic work when distinguishing matter from mathematical
abstractions. But when applied to something with none of the defining features of physical
things, the term risks becoming a placeholder preserving intuition rather than conveying content.

8.5 The Parsimonious Reading

The geometric-mathematical interpretation takes GR's structure at face value: the theory
describes constraint satisfaction and geometric relationships without requiring an underlying
gravitational substance. This interpretation:

e Accepts what GR proves (no local energy) rather than explaining it away

e Recognizes gauge redundancy (80%) as indicating mathematical structure

e Treats boundary/quasi-local energy as fundamental, not as approximation to missing
local density

o Acknowledges openness about what (if anything) quantum gravity will reveal

Historical Parallel: Before statistical mechanics, one could have insisted thermodynamics
describes a physical "heat substance" (caloric) with bizarre properties: flows without mass,
appears in friction, vanishes in adiabatic processes, has no local mechanical description. Or one
could have recognized thermodynamics as an effective macroscopic framework awaiting
microphysical explanation. The latter proved correct.

GR may be our era's thermodynamics—a mathematically complete effective description whose
underlying mechanism (quantum gravity) remains undiscovered. Or geometry may be
fundamental, with no deeper "mechanical" layer to uncover. Either way, interpreting GR as
describing "physical spacetime substance" requires accepting a notion of "physical" so attenuated
it becomes unclear what work the term is doing.

8.6 What This Means for Physics
What we can say with confidence:

1. GR's mathematical structure differs categorically from theories with local energy carriers
This difference is not superficial but touches the theory's fundamental architecture

All gravitational phenomena can be described through geometric constraints and
boundary conditions

4. No local energy substance is required for predictive adequacy

bl

What remains open:
1. Whether GR is emergent (like thermodynamics) or fundamental
2. Whether quantum gravity will provide a "mechanism" beneath geometry

3. Whether the geometric-relational structure is nature's deepest level

What we have demonstrated:
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The cohomological obstruction H'(M,K) # 0 is not a calculational curiosity but a window into
GR's essential character. It reveals that gravitational energy, unlike all other forms of energy in
physics, is fundamentally non-local. This non-locality may be:

e A signal that GR is effective (awaiting deeper explanation)
o A feature of fundamental reality (geometry all the way down)
o Compatible with both interpretations pending further discovery

What is certain is that GR achieves empirical adequacy and mathematical completeness while
embodying a structure profoundly different from other fundamental theories. Whether this makes

it "mathematical rather than physical" or simply "a different kind of physics" depends on how we
define our terms—and perhaps on discoveries yet to come.

Appendix: For General Readers

GR: Mathematical Perfection, Physical Mystery

Here's a striking feature of Einstein's theory: it has more in common with pure mathematical
frameworks than with our other fundamental physical theories.

What we mean by "'mathematical framework'':

e The theory works through constraints and relationships, not through tracking "stuff"

o Energy appears at boundaries and in averages, never at individual points

o Everything is about geometric relationships, not about substances
What we mean by "physical theory':

e Electromagnetism tracks energy point-by-point through space

e Quantum mechanics describes particles and fields with local properties

o There's always something being transported or exchanged
The Key Comparison:
Imagine if thermodynamics had been discovered before molecules. Scientists would have perfect
equations predicting heat, pressure, and work—everything would work mathematically—but
they wouldn't know about the atoms doing the actual work underneath. That's potentially where
we are with GR.
GR gives us flawless predictions through geometric mathematics, but it never tells us what's

actually happening at the micro-level when gravity acts. There's no "graviton field" with local
energy, no mechanism of transmission, just... geometry that works.

The ""Physical Spacetime' Problem
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If spacetime is a physical thing—Ilike water, air, or an electromagnetic field—it would be the
strangest physical substance ever proposed. Here's what you'd have to believe:

This "substance' would:

« ¥ Have no energy at any location (proven mathematically)

« ¥ Have no tension, pressure, or stress

o & Be completely invisible and undetectable when you're in free fall

o ¥ Be mostly "made of" coordinate choices (only 2 real degrees of freedom for waves)

« X Be infinitely flexible—can be "flattened" anywhere by changing coordinates

« X Not be able to act as a source for more of itself (unlike every other field)

o ¥ Carry waves with energy, but the energy only exists at the edges of the universe or
after averaging, never in between

« ¥ Have no standard way to measure its temperature or entropy locally

« ¥ Have all its properties defined by relationships to other places, nothing intrinsic

The Key Question:

At what point are we just using the word "physical" out of habit? If something has none of the
properties physical things normally have—no local energy, no substance, no detectability—is
calling it "physical" actually telling us anything?

Two Possibilities

1. GR is emergent: Like thermodynamics, it's a perfect macroscopic description of something
deeper (quantum gravity, spacetime atoms, etc.) that we haven't discovered yet.

2. GR is fundamental: Geometry and relationships ARE the deepest level—there's no
"mechanism" beneath it, and looking for one is like asking what's north of the North Pole.

The Honest Answer

We can't prove which is correct until—or unless—we discover what's underneath. But we CAN
prove that GR's structure is fundamentally different from theories that clearly describe physical
substances and energy carriers. That's why many physicists suspect there's a deeper layer waiting

to be found.

GR works brilliantly as a mathematical framework. Whether it's the final word or a stepping
stone to quantum gravity remains one of the great open questions in physics.
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