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Abstract

Spacetime is Lagrangian. Inertia is spacetime’s impedance to curvature
change. Energy applied to mass—Ilinear or rotational—induces local curva-
ture changes, while the metric adjusts and gravitational waves carry away part
of the energy. The Metric-Kinetic Equivalence, using only standard GR for-
malisms, expresses this fundamental connection between energy expenditure,
motion, and spacetime geometry.

1 Introduction: The Unfinished Revolution

The Problem: For three centuries, physics has been built upon a fractured foundation. Since Newton,
we have treated inertia as a primitive property of matter, gravity as a mysterious action-at-a-distance
force, and motion as a kinematic state to be described. This ontological fragmentation has persisted
even after Einstein’s revolution.

The Inadequacy: General Relativity brilliantly geometrized gravity, revealing it as the curvature
of spacetime. Yet, it left the twin concepts of inertia and dynamics as unexplained holdovers from
the Newtonian world—phenomena that occur *within* spacetime but are not of spacetime. This has
created a fundamental duality at the heart of physics: a chasm between the geometric nature of gravity
and the non-geometric, axiomatic treatment of motion.

The Claim: This paper demonstrates that this duality is not a fault of General Relativity, but an
artifact of a pre-geometric ontology. We present the framework of Metric-Kinetic Equivalence (MKE),
showing that inertia, gravity, and dynamics are not separate phenomena but unified manifestations of
a single, underlying physical process. Using only the established mathematical formalisms of General
Relativity, we prove a radical thesis: inertia is the impedance of spacetime to curvature change, and
all of dynamics is the energetic transaction of shaping its geometry.

The Stakes: The implications of this unification are profound. MKE resolves classical paradoxes of
motion and reveals the origin of an arrow of time in the irreversibility of gravitational radiation. It
shows that the laws of motion are not separate postulates but emergent consequences of spacetime’s
resistance to deformation. In doing so, it completes the geometric program of General Relativity,
offering a unified principle for all of dynamics: from the fall of an apple to the spin of a galaxy.

2 The Initial Research

2.1 The Inseparability of Matter and Spacetime Geometry

The foundation lies in the fundamental philosophy of general relativity as articulated by Misner,
Thorne, and Wheeler (1973): ”Matter tells spacetime how to curve; spacetime tells matter how to
move.” This coupling is mathematically enforced through Einstein’s field equations G, = 87GT,,,,
where the stress-energy tensor T, and metric g,, form an inseparable system (Hawking & Ellis
1973; Wald 1984). The initial value formulation requires specifying both metric and matter fields
simultaneously—they are determined as a unified entity (Choquet-Bruhat 1952).



2.2 Changing Motion Requires Modifying Stress-Energy

For linear motion, Dixon’s multipole formalism (1970) provides a covariant definition of extended body
dynamics derived from V,T*" = 0. The equations demonstrate that deviation from geodesic motion
requires external forces manifesting as changes in 7),, at the body’s boundary. Similarly, for rotational
motion, the Mathisson-Papapetrou-Dixon equations (Mathisson 1937, Papapetrou 1951, Dixon 1970)
show that spin couples to spacetime curvature through the spin-curvature term DTI;M = —%RﬁaPU vgah,
Changing rotational state requires torque that modifies the stress-energy distribution.

2.3 Energy Requirement for Stress-Energy Modification

The energy conditions (Hawking & Ellis 1973) and positive mass theorem (Schoen & Yau 1979) es-
tablish that modifying stress-energy content requires work. From the divergence theorem applied
to a spacetime region: fv Vv, TwdV = fav T*dS,, any change in internal 7),, necessitates energy-
momentum flux across the boundary. This holds for both translational energy-momentum transfer
and rotational energy transfer (Ciufolini & Wheeler 1995).

2.4 Stress-Energy Changes Modify Spacetime Geometry

Einstein’s equations directly couple 7, to G,,. The well-posedness of the initial value problem
(Choquet-Bruhat 1952) and hyperbolic formulation (Friedrich 1986) guarantee that changes in stress-
energy propagate causally to modify the metric. This applies equally to translational modifications
(changing center-of-mass motion) and rotational modifications (changing spin orientation or magni-
tude), as both alter the full stress-energy tensor.

2.5 Strong-Field Validity

The principle holds in extreme regimes: Price’s theorem (1972) for radiation in black hole back-
grounds, Damour’s self-force calculations (1982), and numerical relativity results (Pretorius 2005) all
demonstrate that trajectory modifications require energy exchange even near singularities. Rotational
examples include neutron star dynamics (Hartle & Sharp 1967) and relativistic disks (Bardeen &
Wagoner 1971), where rotational energy changes directly modify spacetime geometry.

2.6 Precedent in Self-Consistent Matter-Geometry Systems

The works of Wheeler (1955), Perry (1998), and Herdeiro et al. (2017) collectively illustrate how
energy-momentum distributions induce and interact with spacetime geometry, forming stable, self-
consistent configurations. Wheeler’s geons introduced the idea of matter-energy confined by its own
gravitational field, Perry revisited and extended these solutions with explicit computations of electro-
magnetic and gravitational self-interaction, and Herdeiro et al. demonstrated stable, asymptotically
flat field configurations in scalar, Dirac, and Proca matter. Together, these works demonstrate that
stable matter-geometry systems are governed by a precise balance, a principle that inherently defines
an energetic cost for any deviation from equilibrium, thus establishing a conceptual and mathematical
framework where spacetime geometry and energy-momentum are mutually determining.

2.7 Unified Interpretation of Inertia: From Conception to Conceptual Val-
idation

The synthesis of these established results framed the geometric interpretation of inertia:

Linear Inertia arises from the energy cost of changing translational worldline geometry. When a force
acts to deviate a body from its natural geodesic path, work must be done to reconfigure the spacetime
geometry along the new trajectory. This work against the coupled matter-geometry system manifests
as resistance to acceleration.

Rotational Inertia arises from the energy cost of modifying spacetime twist and frame-dragging config-
urations. Changing a body’s rotational state requires work against the spin-curvature coupling, with
energy stored in the rotational deformation of spacetime geometry.



In Dixon’s formalism, both linear momentum P* and angular momentum S®? emerge as moments
of the same stress-energy tensor 1},,, unified through their common geometric origin.

3 The Metric-Kinetic Equivalence (MKE) Formalism and Op-
erational Definition

This formalism makes explicit what the previous section established conceptually and defends a single
claim :

The second variation of the total Einstein—Hilbert action is Inertia

3.1 Defining the Inertia Functional from the Action Principle

Einstein—Hilbert action and total action The foundation of the MKE formalism is the
coupled matter-gravity system, described by the total action. We begin from the Ein-
stein—Hilbert action

1

Sewrlgl = Torc /R\/—gd4x.

The total action is the sum of gravitational and matter contributions,

Stotal = SEH[g} + Smatter[g; \I/L
where ¥ denotes the matter fields. The variation of the total action with respect to

the metric yields Einstein’s field equations:

5Stota1 =0= G’uy = 87TGTLW.

3.2 Definition of the inertia functional

Define the geometric functional (MTW 1973; Wald 1984)

Ig] :/ Ry/—gd'z.
M
The Einstein—Hilbert action is (Landau & Lifshitz 1975)

1
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Variation of Sgp, including the Gibbons—Hawking—York boundary term, yields Ein-
stein’s field equations (York 1972). In MKE, however, the operative inertial quantity
is not I[g] itself, but its second variation (DeWitt 1967; Christensen & Duff 1980)—a
measure of resistance to curvature change—defined as

Sen

The Inertia Functional
I[g, h; T] = 52Stota1 [g; h} = 525EH + 625matter;
where h,, = 0g,, represents a metric perturbation corresponding to a forced deviation
from the background geodesic congruence.

The second variation of the Einstein—Hilbert action is a quadratic form in h,, (Lich-
nerowicz 1950):

1
52SEH = 16-C /d4$v —ghuw E"Phyg,



where E#'? is the Lichnerowicz operator.
The matter contribution follows as (Wald 1984; Poisson & Will 2014)

1
62Smatter == 5 /d4xv -9 h’uuéTﬂy[h]a

with dT#¥[h] the functional variation of the stress-energy tensor.

The inertia functional I[g,h;T] is thus explicitly quadratic in the metric deviation
(Regge & Wheeler 1957; Zerilli 1970) and quantifies the energetic cost—the inertial
work—required to alter the coupled matter—geometry configuration. While the fun-
damental definition originates from a quantity with units of action (J-s), its physical
interpretation in MKE is the energy required to modify the stress-energy configuration
and its associated spacetime curvature.

The inertia functional I[g, h; T] is not an abstract mathematical entity; it quantifies the
physical cost of dynamic change and its definition necessitates two fundamental physical
interpretations:

This metric perturbation /,, is not an arbitrary prescription. It arises physically from
the interaction—the contact—between the spacetime geometry of the body in question
and that of another patch of spacetime geometry. This ‘agent’ is the manifestation of
this geometric interaction as the two systems resolve to a new configuration.

This inertial cost, quantified by the functional I[g, h; T], is the energy-momentum that
must be stored into the object’s own field and motion—the work done to establish its
new dynamic state. This is the stored energy of inertia; it is the kinetic energy of the
body and the energy of its reconfigured spacetime geometry.

3.2.1 Newtonian Reduction from the Second Variation

The physical meaning of the inertia functional is crystallized in the weak-field, slow-
motion limit (MTW 1973; Wald 1984). Here, the seemingly abstract second variation of
the total action condenses into familiar classical forms, revealing the geometric origin of
inertia.

For translational motion, the metric perturbation h,, reduces to the Newtonian po-
tential ¢ (Landau & Lifshitz 1975). The inertia functional simplifies to an integral over
the mass-energy distribution and its gravitational field:

I~ [ dap()|voP

Applying Poisson’s equation V2?¢ = 47Gp (Poisson 1813; Jackson 1999) and integrating
by parts, this expression—derived from the second variation of the Einstein—Hilbert
action—collapses into the most fundamental expression of motion in classical physics
(Landau & Lifshitz 1975):

1
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Simultaneously, for rotational motion, the gravitomagnetic potentials A; emerge (Thorne
1988; Ciufolini & Wheeler 1995). The rotational inertia functional becomes:

Lmu/ﬁﬂvXAF
which, for a rigid body, reduces with equal inevitability to (Landau & Lifshitz 1975):
Irot = §Iijwiwj

This is not a mere correspondence. The familiar energies %M’UQ and %Iijwiwj are
not postulated; they are derived as the necessary, minimal energetic cost of modifying
spacetime geometry in the Newtonian limit (Regge & Wheeler 1957; Zerilli 1970). The
inertia functional I inherently contains both linear and rotational kinetic energy.



3.2.2 Gravitational Waves and the Radiative Contribution to the Inertia Functional

The inertia functional /, defined via the second variation of the action, is required to
represent the total energetic cost of a metric perturbation. The Newtonian reduction
demonstrates that in the adiabatic limit of infinitely slow motion, this cost condenses into
classical kinetic energy (MTW 1973; Landau & Lifshitz 1975). However, for accelerations
occurring over finite timescales, the functional I must also encompass the energy radiated
as gravitational waves. This radiative component is an inherent, non-linear consequence
of the dynamics governed by the full Einstein-Hilbert action (Misner, Thorne, & Wheeler
1973; Blanchet 2014).

The radiative contribution to the inertia functional I,,; for a finite-duration acceler-
ation can be calculated via the energy-momentum carried by the metric perturbation.
The radiated energy is given by the integral of the gravitational wave energy flux over
time and a distant sphere (Landau & Lifshitz 1975; MTW 1973):

Lgqg = / dt ?f tO% ds,
ov

where t9% is the Landau-Lifshitz pseudotensor, evaluated using the transverse-traceless
part of the metric perturbation hz:uT , whose leading-order contribution is calculated as
the solution to the linearized Einstein equations with a source term 67}, [a| representing
the non-geodesic motion (Wald 1984; Poisson & Will 2014).

Emphasizing the total energy budget: I.,4 is added to the ”stored energy” part, so

the total inertia functional is

Itotal = Istored + Irad~

Thus, the total inertial cost in MKE is the sum of the stored component, identified
with the total second variation 625, (adiabatic, recoverable energy), and the radiative
component (gravitational wave energy), both explicitly calculable within classical general
relativity.

3.3 Defining the Inertia Impedance Tensor via Gravitational Self-Force

The Inertia Impedance Tensor: An Operational Definition

The primary operational quantity proposed is the Inertia Impedance Tensor, a rank-
2 tensor that encodes the full directional response of spacetime within the limits of the
GSF formalism. It is defined operationally within the rigorous framework of gravitational
self-force theory (Poisson 2004; Barack 2019) by mapping a 4-acceleration «” to the
total 4-momentum P* that must be applied to the system to establish and sustain the
corresponding spacetime deformation dg,, (Mino et al. 1997; Detweiler 2005):

Inertia Impedance Tensor

Pt = I\lju[gaT]au

This 4-momentum P* is the complete inertial cost. Its time component is the en-
ergy cost; its spatial components represent the momentum cost, or the reaction force of
spacetime itself.

3.3.1 The Self-Force Calculation

The components of I{;,, are not postulated but calculated using the rigorous framework of
gravitational self-force (GSF) theory (Mino et al. 1997; Detweiler 2005). The procedure
directly couples the tensor’s definition to the mathematics of metric perturbations:

Perturb: For an object with stress-energy 7, on a background g, a prescribed 4-
acceleration a” defines a deviation from geodesic motion. This deviation enters the lin-
earized Einstein equations as a source term for the metric perturbation h,,.



Solve: Solve the linearized Einstein equations:

Evpoh?” = 6T, [a]

where the source term 07, [a] is the change in stress-energy due to the forced accel-
eration. The solution h,,(a) is a functional of the acceleration.

Compute Flux: The total 4-momentum cost P is computed from this solution. It
includes the mechanical force to establish the coupling to spacetime for the accelerated
object, as well as the flux of gravitational wave energy-momentum to infinity, calculated
from the wave part of h,,(a) using the Landau-Lifshitz pseudotensor (Landau & Lifshitz
1975) or equivalent methods. While the Landau-Lifshitz pseudotensor is used here for its
practical utility in defining a gauge-invariant energy flux at infinity, the physical reality
of gravitational wave energy is unambiguous in this context.

Extract the Tensor: By repeating this process for independent acceleration directions,
one obtains a set of linear equations:

PR — I“j,,a(k)”

which are solved to populate the components of the inertia impedance tensor Il;,.
This makes the definition P* = I{;,a” a calculable reality.

3.3.2 Newtonian Reduction from the Inertia Impedance Tensor

The directional nature of the inertia tensor becomes transparent in the weak-field, slow-
motion limit.

For translational motion, the metric perturbation s, reduces to the Newtonian poten-
tial ¢, and the tensor maps a 4-acceleration a” to the familiar linear momentum response
(Landau & Lifshitz 1975; MTW 1973). In this limit, the spatial components of the inertia
impedance tensor reduce to the mass times the identity matrix:

i J
IVj — m&z

yielding the classical Newtonian relation:

P' =ma*

where m is the classical mass and i,j = 1,2,3 index spatial components.

For rotational motion, the gravitomagnetic potentials A; emerge, and the inertia tensor
captures rotational resistance (Landau & Lifshitz 1975; MTW 1973). Here, the tensor
reduces to the classical moment of inertia tensor:

L — 1

yielding the classical rotational relation:
Ploe = I

where w/ is the angular velocity and I]l: is the classical moment of inertia tensor. In
both cases, the tensorial expression collapses naturally to the standard kinetic energy
forms:

1 .
_ 2 _ T, ]
Firans = imv B §Iijw w’

demonstrating that the inertia tensor encodes directional response and reproduces the
classical energetic cost of motion. This mirrors the scalar inertia functional and confirms
that MKE retains full consistency with Newtonian dynamics in the appropriate limit.



3.4 Synthesis: The Scalar Cost and the Tensorial Reality

Together, the scalar I and tensor I}, provide a complete picture: the scalar completely
captures the total energy cost of acceleration, while the tensor is operational and explains
the directional and momentum-resolved response of spacetime, quantifying how inertia
manifests through the energetic reshaping of geometry. Fully derived from accepted
self-force theory, the Inertia Impedance Tensor quantifies how spacetime distributes the
energetic cost of acceleration across directions.

3.5 Time
3.5.1 Proper Time

The connection between the inertia functional and proper time is inherent in the structure
of General Relativity. The proper time along a worldline is fundamentally defined by the

metric:
dr = \/—gudzrdz”.

In the weak-field, slow-motion limit, the general formalism reduces to a transparent phys-
ical picture. The spacetime metric becomes gog ~ —(1+2®y/c?), and the inertia functional
for a non-rotating point mass simplifies to the instantaneous cost of its configuration:

1
I = Igray + Ixin = —m®x + 5va.

Substituting the weak-field form of I into the relationship between proper time and
inertial cost yields:

dr 1 1 1 [N v2
T el —— =1 — [ —mby +-me? ) =1+ 2 — .
dt mc? mc2( " N—|—2mv) * 2 22

and thus the weak-field MKE Clock-Rate Equation
dr 1

at "~ me?
demonstrates that the established time dilation formula is the weak-field reduction of a
general principle: Within MKE, the rate of time is an emergent, energetic variable—it
reflects transactional cost associated with change, where the proper time rate dr/dt is
determined by the total inertial cost I of the clock’s configuration.

This makes physical sense:
e When [ =0 (mass at infinity, at rest), d7/d¢t = 1. This is the reference clock.
e As [ increases, dr/dt decreases. The clock runs slower.

This formulation provides the foundation for calculating relativistic timing effects in
terms of spacetime’s inertial impedance rather than geometric properties alone.

3.5.2 A Geometrical Arrow of Time

Within the MKE formalism, the total inertial cost of the modification of a spacetime
geometry is defined as

Itotal = Isto’red + I’r‘ad

Both the scalar inertia functional, I[g,h;T]total, and the Inertia Impedance Tensor,
I(jy, incorporate the stored and radiative components, I, ,..q and I,,4. In both represen-
tations, these quantities collectively measure the total inertial cost of the modification of
a spacetime geometry.

The stored component, I ,-.q, represents the bound inertial cost retained in the local
curvature field—the reversible, near-field counterpart of I,.4.



The radiative component, I.,;, corresponds to the portion of inertial cost emitted
as gravitational waves—the far-field expression of spacetime’s response to non-geodesic
motion. This term is universal but typically minuscule in the weak-field, nearly New-
tonian regime, where curvature coupling is small. In high-curvature or rapidly varying
fields, however, I,.,; can become the dominant term, with gravitational-wave emission
representing the primary channel through which inertial cost leaves the geometry.

The portion of inertial cost carried away as I,.,4 imposes an unavoidable temporal
direction on the dynamics of spacetime geometry. In this sense, I.,; functions as a
Geometrical Arrow of Time: it signals the directionality inherent in the evolution of
curvature under non-geodesic motion. Even in otherwise symmetric field equations,
the emission of I.,; breaks time-reversal symmetry operationally, anchoring the MKE
formalism to a physically meaningful temporal ordering.

4 The Unifying Implications of Metric-Kinetic Equivalence

The Metric-Kinetic Equivalence (MKE) resolves a fundamental duality in physics: the
perceived separation between kinematic phenomena—inertia, acceleration, rotation—and
the gravitational field. The following demonstrates how this principle naturally incorpo-
rates and reframes the foundational concepts of mechanics.

4.1 The Nature of Inertia and the Laws of Motion

- Inertia Defined: Inertia is not a primitive property of matter but the direct energy
cost of forcing a body from its geodesic path. This cost is quantified by the inertia
functional, I[g,5g; T| = 62Stotal, which measures the action required for the corresponding
metric perturbation i, .

- Newton’s Laws Re-derived and Unified:

- First Law: A body follows a geodesic (dg,, = 0) when no energy is expended.

- Second Law: The classical relation F' = ma is revealed as the Newtonian reduction of
a deeper, tensorial reality: the energy-momentum exchange P* required for acceleration
is spacetime’s, the inertial tensor. Spatially, for a constant mass m, the inertia tensor
simplifies as IJ’ — méji», which collapses the fundamental law back into the classical form
P’ = ma’ and so F = ma. This identifies mass m as the scalar impedance of flat spacetime.
- Third Law: The action-reaction pair is inherent in this exchange; the momentum im-
parted to the object is balanced by the momentum cost encoded in the inertia impedance
tensor of the spacetime region.

4.2 Resolving Classical Paradoxes
4.2.1 Newton’s Bucket

The curvature of the water’s surface is not evidence of absolute rotation but a measure of
the rotational energy stored in the metric. The functional [,.o¢ ~ %Iijwiwj is the energetic
cost of establishing the gravitomagnetic field A associated with the spin. The bucket’s
”frame” is distinguished by its energy expenditure and local spacetime geometry, not by

motion relative to absolute space.

4.2.2 The Twin Paradox

The age difference arises from a difference in the integrated inertia functional I along each
twin’s worldline. The traveling twin’s non-geodesic trajectory has a higher time-averaged
I than the stay-at-home twin’s near-geodesic path. The MKE clock-rate equation

dr 1

~

dat me?



therefore dictates a slower proper time rate dr for the traveler over the same coordinate
duration dt. Their youth is the direct measure of the total inertial cost incurred by their
forced motion.

4.3 Unifying Principles and Apparent Forces

- Einstein Equivalence Principle (EEP): In MKE, the equivalence of inertial and grav-
itational mass is foundational, not coincidental. Both phenomena measure the same
physical quantity: the component of the inertia impedance tensor I{;,, that governs the
energy-momentum cost P* of deforming spacetime, no matter the source of the energy-
momentum exchange.

- Self-Gravity: There is no ”self-force” paradox. The contribution §2Syatter automatically
accounts for the energy required to deform the body’s own gravitational field along with
it. This is a seamless part of the total inertia calculated by I[g,dg; T].

- Fictitious Forces:Centrifugal and Coriolis forces are not mathematical fictions. They
are the real, measurable manifestations of spacetime’s impedance in a non-inertial (non-
geodesic) frame. The equation P* = [/}, a” captures them with the same physical basis as
linear inertia.

4.4 Universal Gravitation

The force F = —Gmmz/r? is not an action-at-a-distance mystery. It is the gradient of the
potential ¢ that must form when stress-energy is rearranged, as dictated by V2¢ = 47Gp.
Gravity is the metric’s obligatory, energetic response to the presence and movement
of mass-energy. This reveals the fundamental unity of gravity and inertia: both are
expressions of spacetime’s impedance. Inertia is the impedance to changing a body’s
spacetime geometry (its worldline), quantified by the Inertia Impedance Tensor P* =
I{y lg, T]a”. Gravity is the impedance of the established geometry itself—the “force” is the
gradient of the energy-density already stored in the gravitational field ¢ by the presence
of stress-energy. The Newtonian mass m in both F = ma and F = GMm/r? is therefore
the same quantity because it measures the same underlying physical reality: the coupling
strength of a body’s stress-energy to the spacetime geometry. Rearranging stress-energy
(changing p) costs energy to establish a new ¢-field (the gravitational component of the
inertia functional), and moving through a pre-existing ¢-field costs energy to avoid being
accelerated by it (the kinetic component). Thus, the Newtonian force law is the spatial
projection of the same energetic transaction—the expenditure of 4-momentum against
spacetime’s impedance—that manifests as inertia in the local spacetime geometry.

4.5 The Unification of Dynamics

Across scales and regimes—from Newtonian mechanics to general relativity and to the
quantum domain—the evidence converges on a single, foundational principle. MKE
posits that all of dynamics is governed by a single rule: the expenditure of energy to
shape spacetime geometry, and the consequent resistance that geometry imposes. Inertia
and gravity are not laws in themselves, but consequences of this exchange.

5 Experimental Signatures and Validation Pathways

A common critique of interpretive frameworks is that they are not falsifiable. The MKE
formalism, however, is exceptionally difficult to falsify. Its strength and vulnerability
stem from the same source: it is not a new theory of physics, but a specific physical
interpretation built directly upon the established mathematical structures of General
Relativity and gravitational self-force theory. It therefore inherits the immense experi-
mental success of these foundations. However, this does not render it untestable. The
following sections delineate specific, falsifiable experimental signatures that are uniquely
predicted by the MKE interpretation.



5.1 Inertia-Induced Time Differential in Orbiting Clocks

In order to demonstrate MKE’s application and falsifiability, a concrete experimental
scenario is proposed: the precise comparison of clock rates between a ground-based clock
and a clock in Earth orbit.

The MKE framework makes a specific, quantitative prediction for this scenario. Be-

ginning from the clock-rate equation, ‘fi—: ~1-— fr‘;z‘g , and the weak-field form of the inertia
functional, I, = —mo + %mvz, the inertia functionals for both clocks are calculated. For
the ground clock (at radius ry, v =~ 0), I, = —m¢,. For the satellite in a circular orbit (at

radius r,), the orbital velocity v2 = GM/r, yields I, = —m¢s + im(GM/r,) = %G%m. The
predicted frequency shift is therefore derived as: ﬁ

Af:GJM(l 3)

f 2 \rg C2r,

For a satellite at an altitude of 20,200 km, this yields a predicted differential of Af/f ~
+4.46x10719, corresponding to the orbiting clock gaining approximately 38.5 microseconds
per day.

The empirical confirmation of this prediction through GPS timing validates the MKE
interpretation: that what is commonly described in GR as ’gravitational and kinematic
time dilation’ is more fundamentally understood as a differential in spacetime’s inertial
impedance.

This result establishes MKE as a valid framework for modeling macroscopic relativistic
timing effects. However, a more definitive test lies at the quantum-limited precision
frontier.

The natural and more powerful extension of this experiment is the Atomic Clock
Ensemble in Space (ACES) mission. The following section details how ACES will provide
a stringent test of the full MKE formalism, probing the complete inertia impedance tensor
rather than just its scalar component.

5.2 A Definitive Test: Measuring the Inertia Impedance Tensor with ACES

ACES will compare the most stable clocks ever flown in space (on the International Space
Station) with ground counterparts, achieving an unprecedented precision of ~ 1078,
The ACES configuration presents an ideal physical scenario for applying the Inertia
Impedance Tensor formalism. The ground clock, pinned against free-fall by the Earth’s
surface, represents a clear case of forced non-geodesic motion. This is precisely the con-
dition under which the GSF formalism operates: a prescribed 4-acceleration a“ defines
a deviation from a geodesic, which sources a metric perturbation h,, via the linearized
Einstein equations. The resulting ‘inertial cost’ is the 4-momentum P*, which is related
to the acceleration by the inertia impedance tensor Ij; , via its definition:

Pt =1I{ |9, T)a"

For ACES, the time component of this cost, P°, manifests as the predicted frequency
shift between the clocks, providing an operational procedure to measure the components
of I{; , itself.

The operational procedure for computing the tensor components, outlined in Sec. 77
via the gravitational self-force (GSF) formalism, provides the direct mathematical path-
way for this measurement. This established procedure calculates the metric perturbation
h,. resulting from the non-geodesic motion of the clocks and from this derives the in-
ertial 4-momentum cost P*. To achieve the requisite 107'® precision for ACES, this
GSF calculation must be performed within a high-order post-Newtonian framework that
incorporates Earth’s full gravitational structure—including its oblateness (J;), rotation
(gravitomagnetism), and tidal perturbations—as well as the precise, non-geodesic world-
lines of the ground and ISS-based clocks.

The MKE prediction is that the resulting, complex value for P° will account for the
entire measured frequency shift, demonstrating that the inertia impedance tensor I},  is
the complete and unifying quantity governing relativistic clock behavior.

10



The full computation of I{;, for ACES is a specialized task in applied general rel-
ativity. Its execution will ultimately fall to experts in satellite geodesy and precision
measurement, for whom the MKE formalism provides a predictive physical framework.

6 Conclusion

As demonstrated in the preceding sections, the framework of Metric-Kinetic Equivalence
unifies all of dynamics using only the standard formalisms of General Relativity. This
is achieved by identifying the second variation of the total Einstein—Hilbert action—the
inertia functional—as a fundamental physical quantity: the energetic cost of forcing a
deviation from a geodesic state. From this single principle, the classical concepts of mass,
kinetic energy, and the laws of motion emerge not as postulates, but as derivations from
a single source.

It is precisely by restricting itself to these standard formalisms that this new concep-
tual framework resolves the foundational dichotomy between kinematic and gravitational
phenomena, revealing them as different aspects of the same energetic transaction between
stress-energy and geometry.

In the MKE paradigm, inertia is not a property of matter, but the impedance of
spacetime; force is not an agent, but the expenditure of 4-momentum; and gravity is not a
force, but the obligatory geometry of stress-energy. This framework is the realization that
General Relativity, as formulated by Einstein, Hilbert, and others, was more complete
and more profound than even they imagined.

Reality is not built upon energy moving through space; space is what
energy does when it moves.
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