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Abstract

We develop an effective continuum framework in which the physical vacuum is characterized by
a bounded scalar capacity field ®(x,t), with normalized remaining-capacity fraction f = ®/c?.
Matter is represented by localized depletion of this capacity, while gravitation arises from the
associated redistribution of the remaining vacuum response. In the weak-field limit, the
governing equation reduces to the Poisson equation and reproduces Newtonian gravity. A

nonlinear capacity-dependent response yields the exterior solution ®(r) = CZ\/ 1—2Gm/(rc?),

or equivalently f(r) = \/ 1—2Gm/(rc?). Relating the local capacity fraction to temporal and
reciprocal radial scaling reconstructs the Schwarzschild exterior line element ds? =
—f2c?dt? + f2dr? + r2dQ?, together with its standard weak-field gravitational optical
response. The same continuum dynamics admit localized intrinsic oscillations which, under the
quantum normalization Aiw, = mc?, yield the Planck—Einstein and de Broglie relations through
Lorentz transformation of the intrinsic phase. The resulting dispersion relation takes the Klein—
Gordon form and reduces to the Schrodinger equation in the nonrelativistic limit. Massive
excitations propagate subluminally, whereas massless disturbances remain nondispersive with
limiting propagation speed c. The framework thus provides a common continuum description of
vacuum depletion, emergent gravitation and spacetime scaling, and relativistic matter-wave
dynamics, while identifying strong-field dynamical phenomena as a potential regime for
distinguishing predictions.
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I. Introduction

General relativity (GR) and quantum mechanics constitute the two principal foundations of
modern physics. GR describes gravitation through spacetime geometry and has been extensively
confirmed from Solar-System scales to gravitational-wave observations [1-4], while quantum
mechanics and quantum field theory provide the framework for microscopic matter and the
nongravitational interactions of the Standard Model [5-7]. Despite their empirical success, the
two theories are founded on conceptually different descriptions, and establishing a consistent
connection between gravitation and quantum physics remains a central problem in fundamental
physics.

Several approaches address this problem from different perspectives, including string theory,
loop quantum gravity, causal dynamical triangulations, and asymptotic safety [8-11]. A
complementary direction is provided by emergent-gravity ideas, in which spacetime or
gravitational dynamics arise from more fundamental microscopic degrees of freedom. Sakharov
related gravity to quantum-vacuum fluctuations, Jacobson connected Einstein's equation with
thermodynamic relations, and related emergent approaches have explored gravity as a collective
or statistical phenomenon [12-14]. These developments motivate consideration of the physical
vacuum as more than a passive background.

The quantum vacuum itself exhibits observable physical effects. Zero-point fluctuations, vacuum
polarization, the Casimir effect, and the Lamb shift demonstrate that the vacuum possesses
nontrivial dynamical properties [15, 16]. An apparently separate clue arises from the wave
description of matter. De Broglie associated a massive particle with an intrinsic periodicity
whose rest-frame angular frequency is determined by its rest energy[17-19],

- (1.1)

Through phase harmony, this intrinsic periodicity is related to the relativistic matter-wave phase
and ultimately to the de Broglie wavelength. The connection between rest energy, proper time,
and quantum phase has also received renewed attention in atom-interferometric studies, although
the interpretation of such experiments as direct measurements of a Compton-frequency clock
remains debated [20-23].

Motivated by these observations, we investigate an effective continuum description in which the
vacuum is characterized by a bounded scalar capacity field ®(x,t), with equilibrium value
®, = c2. The central hypothesis is that matter corresponds to localized depletion of this capacity,
while gravitation arises from the associated redistribution of the remaining vacuum response.
Rather than assuming spacetime geometry as the starting point, temporal and spatial scaling are
related to the local normalized capacity f = ®/c?. The nonlinear exterior solution is shown to
generate the Schwarzschild metric, with the corresponding effective optical response
reproducing the standard gravitational light deflection. The same continuum supports localized
intrinsic oscillations which, after the quantum normalization Aw, = mc? , generate the
relativistic matter-wave phase, Klein—Gordon structure, and Schrodinger nonrelativistic limit.

The aim is therefore not to replace established GR or quantum theory by assumption, but to
examine whether several of their characteristic structures can arise as different limits of a single
bounded-vacuum continuum. Section II introduces the vacuum-capacity field and its relativistic



normalization. Section III develops matter loading and gravitational redistribution, while Sec. IV
formulates the continuum dynamics through an effective action. Section V extends the response
to the nonlinear strong-field regime, and Sec. VI derives the emergent Schwarzschild geometry
and its optical consequences. Sections VII and VIII develop relativistic matter-wave dynamics
and the nonrelativistic and localization limits, respectively, while Sec. IX considers a spatially
varying capacity background. Physical consequences and possible distinguishing predictions are
discussed in Sec. X, limitations in Sec. XI, and the principal results are summarized in Sec. XII.

II. Vacuum-Capacity Field: Physical Foundations and Relativistic
Normalization

The present theory is founded on the hypothesis that the physical vacuum constitutes a
continuous medium characterized by a scalar vacuum-capacity field ®(x,t). Unlike the
Newtonian gravitational potential, which is introduced as a field generated by a prescribed matter
distribution, @ is regarded as the primary continuum variable describing the local capacity of the
vacuum. Matter, gravitation, and the effective spacetime geometry are subsequently interpreted
as manifestations of localized depletion and redistribution of this underlying field.

For a particle of inertial mass m, special relativity gives the rest energy E, = mc? [24].
Dividing by m identifies ¢? as the universal relativistic energy scale per unit mass. The
undeformed vacuum is therefore assigned the equilibrium capacity

d, = c? (2.1)

The vacuum-capacity field has dimensions of specific energy, identical to those of the
Newtonian gravitational potential, but possesses an absolute relativistic normalization. The
fundamental bounded condition is

0<d<c? (2.2)

Here, @ = c? corresponds to the homogeneous undeformed vacuum, whereas @ = 0 represents
the limiting state of complete local capacity depletion.

For later convenience, we introduce the normalized remaining-capacity fraction
@
f=2,  osfs<y, (2.3)
together with the vacuum-capacity deficit A® = ¢? — @ and its normalized form

d= —=1- f (2.4)
Thus, f and d provide complementary descriptions of the same bounded field: f measures the
locally remaining vacuum capacity, whereas d measures its depletion from equilibrium. The
undeformed vacuum corresponds to f = 1 and d = 0, while complete depletion corresponds to
f=0and d =1. These quantities are not independent physical fields but complementary
measures of the same local vacuum state.

The relativistic normalization is consistent with the weak-field limit of general relativity. For a
Newtonian gravitational potential ¢ satisfying |¢py|/c? < 1, the temporal metric component is



Joo = —(1 + 2¢y/c?), while the energy of a slowly moving test particle contains the
gravitational contribution m¢y [4, 25, 26]. The specific energy is therefore E/m = c? + ¢y,
giving the weak-field correspondence

P = c? + Py (2.5)

For an attractive gravitational field, ¢y < 0, so ® < ¢? and A® > 0. Equivalently, in the weak-
field regime, A® =~ —¢y, f =1+ ¢py/c?, andd = —¢py/c?.

Equation (2.5) should not be interpreted as the fundamental definition of ®. In Newtonian
gravity, ¢y is obtained from a prescribed matter density through Poisson's equation [4, 25, 26].
In the present framework, the logical order is reversed: @ is taken as the primary continuum
variable, and its spatial distribution is determined self-consistently through the governing
conservation and field equations. The Newtonian gravitational potential therefore appears only as
the weak-field departure of the vacuum capacity from its equilibrium value.

A localized configuration will be characterized in Sec. III by an integrated vacuum loading m,
introduced initially as a continuum parameter rather than assumed a priori to be inertial or
gravitational mass. Its physical identification follows from the global vacuum redistribution and
the Newtonian correspondence. Thus, the bounded scalar field & , together with the
complementary variables f and d =1 — f, provides the foundation for the continuum
description developed in the following sections.

II1. Matter, Vacuum Redistribution and Emergent Gravitation
A. Self-Consistent Vacuum Redistribution and the Governing Field Equation

The vacuum-capacity field introduced in Sec. II is regarded as the fundamental scalar variable
describing the local state of the bounded vacuum continuum. Matter is represented by a localized
reduction of the equilibrium capacity rather than by an externally prescribed fundamental source.
Gravitation is consequently interpreted as the equilibrium redistribution of ® surrounding such
localized configurations.

At the continuum level, a localized configuration is described by a coarse-grained vacuum-
loading density p(x), with total integrated loading

m= [, padv (3.1)

At this stage, m is introduced as a continuum parameter and is not assumed a priori to be either
inertial or gravitational mass. Its physical identification follows from the weak-field
correspondence below.

The redistribution of the vacuum is constrained by local conservation. For a continuum quantity
with density g, flux J, and local source or sink s, the general balance equationis d,q +V-J = s
[27, 28]. In static equilibrium, the temporal term vanishes, while a localized vacuum loading acts
as a sink of the surrounding redistribution flux. The balance equation may therefore be written as

V-Jo = —ap, (3.2)



where « is an effective coupling constant fixing the normalization between the localized loading
and the vacuum-capacity flux.

In the linear weak-field regime, the vacuum remains close to its homogeneous state, ® =~ ¢, and
its response may be treated as isotropic and state independent. The lowest-order relation between
the redistribution flux and the capacity gradient is then

Jo = =TV, (3.3)

where T, denotes the reference transmission coefficient of the undepleted vacuum. Substitution
into Eq. (3.2) gives

T,V?® = ap (3.4)

Equation (3.4) is the governing linear field equation of the bounded-vacuum continuum.
Although it has the mathematical structure of a Poisson equation, its interpretation differs from
the conventional Newtonian construction: @ is taken as the primary continuum field, whereas p
characterizes the localized loading entering the balance equation. The gravitational field is
therefore identified with the resulting equilibrium redistribution of the vacuum capacity rather
than introduced as an independent fundamental field [4, 29, 30].

Outside the localized configuration, p = 0, and Eq. (3.4) reduces to V2® = 0. For a static
spherically symmetric configuration satisfying @ — ¢? as r — oo, the exterior solution is

O(r) =c? - — (3.5)
where ¢, is fixed by the integrated loading. The constant term represents the homogeneous
equilibrium vacuum, while the radial term describes the reduction of vacuum capacity
surrounding the localized configuration.

The normalization is determined by the weak-field correspondence established in Sec. II. Since
® =~ ¢? + ¢ and the Newtonian exterior potential is ¢py = —Gm/r, comparison with Eq. (3.5)
gives ¢; = Gm. Consistency of Eq. (3.4) with the Newtonian Poisson equation then fixes
a/Ty = 4nG, giving

V2P = 4mGp,  D(r) =c?— " (3.6)
The parameter m is thereby identified with gravitational mass in the weak-field limit rather than
assigned this meaning from the outset. Correspondingly, A® = ¢? — ® = Gm/r, showing
directly that the exterior gravitational field corresponds to a spatial reduction of the equilibrium
vacuum capacity.

The physical picture associated with Eq. (3.6) is illustrated schematically in Fig. 1. The
homogeneous vacuum corresponds to the equilibrium state @ = ¢2. A localized configuration
produces a finite depletion A® > 0, represented by a smooth reduction of the vacuum-capacity
field rather than by an independent point source. The surrounding capacity field consequently
redistributes toward its asymptotic equilibrium value, generating a spatial gradient V®. In the
weak-field regime, this redistribution satisfies V2® = 47Gp, while the exterior profile ® = ¢% —
Gm/r gives the gravitational acceleration a = —V®.
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Key idea: A localized depletion of the bounded vacuum-capacity field acts as a sink of the redistribution flux.
The equilibrium redistribution of ® produces the gravitational acceleration @ = — V& and Newtonian gravity in the weak-field limit.

Figure 1. Localized vacuum-capacity depletion and the resulting gravitational redistribution.

The linear description is valid only for small departures from equilibrium, |® — ¢?| < ¢?, for
which the transmission coefficient may be approximated by its reference value T,. At finite
depletion, the available continuum response becomes dependent on the local vacuum state. The
relation between localized loading and the finite capacity of the vacuum is established globally in
Sec. III.B, while the resulting nonlinear redistribution equation and strong-field solution are
developed in Sec. V. Equation (3.6) is recovered as their weak-field limit.

B. Global Vacuum Redistribution, Mass, and Bounded Localization

The local field equation obtained in Sec. III.A also provides a global characterization of a
localized vacuum deficit. Integrating V2® = 4mGp over a volume V enclosing the complete
configuration and applying Gauss's divergence theorem [31-33] gives

m Vo -ds (3.7)

_ 1
" anG ¢3V

Thus, the integrated loading m = fv p dV is determined by the total flux of the vacuum-capacity
gradient through any closed surface surrounding the localized configuration. For spherical
symmetry, Eq. (3.7) gives r2d®/dr = Gm, which, together with ® — ¢? as r — oo, reproduces
® = c? — Gm/r. The parameter m is therefore identified globally with gravitational mass
through the asymptotic redistribution of the vacuum-capacity field.



The motion of a weakly coupled test body follows from the local energy relation E = m,®,

where m; denotes its inertial mass. A spatial variation of ® gives F = —VE = —m,V®, and
hence

a=-Vod (3.8)
For the exterior solution, this yields @ = —(Gm/r?)#, recovering Newton's inverse-square law

[4, 30]. Since the test mass cancels between force and inertia, the weak-field universality of free
fall follows directly.

The bounded condition 0 < @ < ¢? places an additional restriction on the linear exterior
solution. From & = ¢? — Gm/r = 0, one obtains

r=zL.=— (3.9)

The scale L. is the radius at which an extrapolation of the linear solution would exhaust the
available vacuum capacity. It therefore marks the characteristic breakdown scale of the linear
approximation rather than an exact strong-field radius or the physical size of the localized
configuration.

For a configuration characterized by a length L, the same relation gives m/L < c?/G. We
therefore introduce the characteristic linear vacuum-capacity scale

c?

o= (3.10)

and define the localized vacuum loading
A===p(1-1) (3.11)

Equation (3.11) follows directly from A® = Gm/L and 1 — f = A®/c?. Thus, 1 measures the
portion of the finite vacuum capacity associated with localized depletion. In the homogeneous
state f = 1, the loading vanishes, whereas the extrapolated depletion limit f — O corresponds to
A= .

The bounded-vacuum hypothesis further implies that the capacity associated with localization
and the capacity remaining available for continuum response constitute complementary portions
of the same finite local capacity. Denoting the latter by u, we impose the capacity-partition
relation

o=+ (3.12)
Combining Egs. (3.11) and (3.12) gives

1= of (3.13)

Thus, the localized loading increases with the depleted fraction 1 — f, while the available
continuum capacity decreases with the remaining-capacity fraction f. Equation (3.12) is the
capacity-balance principle of the bounded-vacuum description; once introduced here, its
consequences will be used in the subsequent dynamical formulation without requiring a repeated
distinction between depleted and remaining capacities.



A corresponding characteristic elastic tension is defined as the localized energy per unit
localization length, since in an elastic continuum the energy required per unit extension has the
dimensions of force (tension). Thus, using E ~ mc? and the limiting localization length L, =
Gm/c?, one obtains
E _c* P

TO ~L_C:?:MOC (314)
The scale ¢*/G is closely related to the maximum-force or maximum-tension scale discussed in
general relativity [34-36]. In the present framework, T,, characterizes the corresponding reference
elastic-response scale of the undepleted continuum. Since the available response is determined
by the remaining capacity u = uyf, the associated local elastic response follows from the
continuum propagation relation T = pc?, giving

T =Tyf (3.15)
Consequently,
T_T_ .2
T (3.16)

Thus, depletion reduces the available inertial and elastic response by the same factor while
preserving their ratio. The characteristic propagation speed of the continuum therefore remains c.
In this way, the potential profile determines the localized loading, the finite-capacity partition
determines the remaining response, and the continuum propagation relation fixes the
corresponding elastic response.

The present analysis therefore establishes the hierarchy required for the subsequent theory:
L. = Gm/c? characterizes the onset of significant depletion; yy = ¢?/G and T, = c*/G define
the characteristic undepleted capacity and elastic scales; and the locally available responses are
U =pof and T = Tyf. These relations provide the continuum basis for the action formulation
developed in Sec. IV and the nonlinear strong-field redistribution developed in Sec. V.

IV. Action Principle and Unified Continuum Dynamics
A. Effective Action Principle and Unified Continuum Dynamics

The static analysis of Sec. III establishes the characteristic vacuum-capacity and elastic-response
scales iy = ¢?/G and T, = ¢*/G. It also shows that finite depletion reduces the locally available
response according to u = pof and T = Tyf . To formulate the dynamics systematically, the
bounded-vacuum continuum is described by Hamilton's principle, which provides a standard
variational basis for continuum and field dynamics [32, 33, 37].

The dynamical variable is chosen to be the local vacuum-capacity deficit
p(x,t) =c?— d(x,t), 4.1)

where 0 < ¢ < ¢?. The homogeneous vacuum corresponds to ¢ = 0, while finite ¢ represents a
local departure from equilibrium. In the linear regime, f =~ 1, and the continuum coefficients
may therefore be approximated by their equilibrium values pq and Ty,



The effective action is written as
S=[dtd3x L, (4.2)

with the lowest-order local and isotropic Lagrangian density

L=21(3:9)2 —5TolVo|? — U(p) +Jo (4.3)

The first term represents the inertial contribution associated with temporal variations of the
vacuum deficit, the second represents the elastic energy associated with spatial redistribution,
U(¢) describes the local restoring response, and ] represents coarse-grained external loading.
Quadratic kinetic and deformation-energy terms constitute the standard lowest-order structure of
linear continuum actions [32, 33, 37].

Here py and T, should be understood as the appropriately normalized coefficients entering the
continuum Lagrangian density. Their ratio is fixed by the characteristic capacity scales
established in Sec. I11.B,

o _ 2
o c 4.4)

This distinction allows the three-dimensional action to retain the required density normalization
while preserving the physical ratio obtained from the bounded-capacity argument.

Applying Hamilton's principle, 6S = 0, gives the Euler—Lagrange equation
92 au
yﬁf—%W¢+£=1 (4.5)

Using poy = Ty/c?, Eq. (4.5) may equivalently be written in terms of T, as

2

c2 9t2

Thus, the characteristic propagation scale ¢ enters through the ratio of the inertial and elastic
responses rather than as an independently introduced wave velocity.

For small departures from equilibrium, the restoring potential may be expanded about its stable
minimum as

U(@) = Uy + > 1owie? + 0(9%), (4.7)

where U, has no effect on the field equation and w, characterizes the intrinsic small-amplitude
oscillation. Since the physical field is bounded over 0 < ¢ < ¢?, higher-order terms may
describe the nonlinear restoring response at finite depletion.

In the linear regime, dU/d¢g = pu,w3@, and Eq. (4.5) becomes

2 2
STV + e =] (48)

c2 9t2

Dividing by T, gives the normalized master equation



1 3%¢
c2 9t2

2
W¢+%¢=é (4.9)
Equation (4.9) is the linear dynamical equation governing propagation and intrinsic oscillation of
vacuum-capacity disturbances. Although its mathematical structure is Klein—Gordon-like, no
quantum interpretation is required at this stage: ¢ remains a classical continuum variable and w,
represents the characteristic restoring frequency. Its connection with relativistic quantum
dynamics is introduced later through the Planck—Einstein relation.

For finite depletion, the equilibrium coefficients in Eq. (4.3) are replaced by the state-dependent
responses derived in Sec. IIL.B,

(@) =pof,  T(@)=Tof (4.10)

Their common dependence preserves

@) _ 2

—= = 4.11

w(®) ( )
The present subsection therefore establishes the linear variational dynamics about the
homogeneous vacuum, while the limiting static, propagating, and localized regimes are
considered in Sec. IV.B. The consequences of the state-dependent response for finite depletion
and strong gravitational fields are developed separately in Sec. V.

B. Limiting Cases of the Unified Continuum Equation

The master continuum equation derived in Sec. IV.A,
ik au
yﬁg—%W¢+£=L (4.12)

provides a unified description of small vacuum-capacity disturbances about the homogeneous
state. Depending on the relative importance of the inertial, elastic, restoring, and loading terms,
Eq. (4.12) reduces to several physically important limits. Such reductions are standard in
continuum and variational dynamics [32, 33, 37].

(a) Static gravitational limit. For a stationary configuration, d,¢p = 0, and for long-range
equilibrium redistribution the local restoring term may be neglected. Equation (4.12) then

becomes

T2 = ] (4.13)
Since ¢ = c? — @, one has V2¢p = —V2® . Using the weak-field source normalization | =
4nGTyp, Eq. (4.13) gives

V20 = 41Gp, (4.14)

which is precisely the static field equation obtained in Sec. III.A. Thus, Newtonian gravitation
appears as the equilibrium limit of the same continuum dynamics. At finite depletion, the elastic
response becomes state dependent, T = T, f, and the corresponding nonlinear redistribution is
developed in Sec. V.



(b) Free-wave limit. In the absence of external loading and local restoring forces, ] = 0 and
dU/de = 0, Eq. (4.12) reduces to

62
Ho ez = ToV?0 = 0 (4.15)
Using Ty /1y = c?, this becomes
62
=V = (4.16)

Equation (4.16) is the standard wave equation for small disturbances in the continuum [32, 33]
[2,3]. The characteristic propagation speed is therefore c. Under finite depletion, both available
response coefficients acquire the same factor f, as derived in Sec. III.B, so their ratio remains
T /i = c?; consequently, the local characteristic propagation speed remains unchanged.

(c)Localized oscillatory limit. For a localized excitation whose spatial variation is negligible over

the region of interest, Ve = 0. In the small-amplitude regime, the restoring potential of Sec.
IV.A'is

1
U(p) =5 nowie? (4.17)
Equation (4.12) therefore becomes
2%y J
F“‘)g"’ = (4.18)

For a freely oscillating localized configuration, J = 0, giving

T2+ whp =0 (4.19)
Thus, a localized vacuum-capacity disturbance supports an intrinsic harmonic oscillation about
equilibrium. At this stage, w, is a classical continuum frequency determined by the restoring
dynamics. The later identification hw, = mc? introduces the relativistic energy scale and
provides the connection with matter-wave dynamics. A Klein—Gordon-type equation can arise
already at the level of a classical scalar field, before quantization, so the appearance of this
mathematical structure here does not itself imply quantum mechanics [37].

The limiting cases therefore show that the same master continuum equation contains three
distinct regimes: static redistribution reproduces the weak-field gravitational equation, source-
free disturbances propagate with characteristic speed ¢, and localized disturbances support
intrinsic oscillations. The finite-capacity relations derived in Sec. III.B need not be reintroduced
here; they enter the subsequent theory through the state-dependent coefficients governing
nonlinear vacuum redistribution in Sec. V.

V. Nonlinear Vacuum Response and Strong-Field Limit

A. State-Dependent Vacuum Redistribution

The linear theory developed in Secs. III and IV applies to small departures from the
homogeneous vacuum, for which the continuum response is characterized by the reference



coefficients p, and T,. For finite depletion, however, the available response becomes state
dependent. As derived from the capacity-partition relation in Sec. IIL.B, the locally available
coefficients are

w(@®) = pof, T(@)=Tof, f=-= (5.1)

C

Thus, no additional constitutive scaling is introduced here: the f-dependence follows from the
finite-capacity partition established previously. In particular,

T® _ T _ .2
W@ e O (5-2)

so finite depletion changes the magnitude of the available continuum response while preserving
its characteristic propagation speed. State-dependent elastic response is a standard feature of
nonlinear continuum descriptions, although the specific dependence in Eq. (5.1) is a defining
result of the present bounded-vacuum framework [32, 33, 38, 39].

For static gravitational redistribution, the relevant response is the elastic transmission of the
vacuum-capacity gradient. The linear flux relation of Sec. III. A therefore generalizes to

Jo = —T(@)VD = -T,fVd (5.3)
The static balance law retains the source normalization established in the weak-field theory,
V-Jo =—4nGTyp (5.4)
Substituting Eq. (5.3) into Eq. (5.4) and cancelling the common reference coefficient T, gives
V- (fVd) = 4nGp (5.5)
Using f = ®/c?, the nonlinear field equation becomes
v. (3; VCD) = 47Gp, (5.6)
or equivalently,
OV2D + |VO|? = 4G c?p (5.7)

The second term in Eq. (5.7) is absent from the linear theory. It arises because the capacity
available to transmit the redistribution is itself determined by the local field ®. The gravitational
field equation is therefore nonlinear even though the underlying balance law retains the same
local conservation structure. Such field-dependent response is characteristic of nonlinear
continuum systems [32, 33, 38, 39].

The weak-field limit follows directly. Writing
o=c?+¢y, A« (5.8)

gives f = 1, while |V¢y|? is second order in the perturbation. Equation (5.7) therefore reduces
to

V20 ~ 4nGp, (5.9)



or V2¢py = 4mGp, recovering the linear field equation of Sec. 1II.A.

The nonlinear equation can be simplified by introducing an auxiliary redistribution potential ¥
through

P
d¥ = fdo =C—2dCD (5.10)
Integration gives, apart from an arbitrary additive constant,
(DZ
P(d) = v (5.11)
Since V¥ = fV®, Eq. (5.5) becomes
VY = 47Gp (5.12)

Thus, the nonlinear character of the bounded-vacuum response is transferred entirely into the
relation between the auxiliary potential ¥ and the physical vacuum-capacity field ®@. In the
weak-field regime,

2 2
¢ P
Y=—+¢y+0(—|
2 ¢N < CZ )
so, apart from the constant ¢?/2, ¥ reduces to the Newtonian gravitational potential at leading

order.

Equations (5.5)—(5.12) extend the linear redistribution equation into the finite-depletion regime
without introducing a separate strong-field interaction. The nonlinearity follows from the state
dependence of the available vacuum response established in Sec. III1.B. The resulting spherically
symmetric exterior solution and its strong-field limit are developed in Sec. V.B.

V. Nonlinear Vacuum Response and Strong-Field Limit
B. Spherically Symmetric Strong-Field Solution

The nonlinear equilibrium equation derived in Sec. V.A is
V- (fV®) = 4rGp, f=— (5.13)

Outside a localized spherically symmetric configuration, p = 0. For ® = ®(r), Eq. (5.13)
therefore becomes

Li(rzfg) -0 (5.14)

r2dr
Integrating once gives r?f d®/dr = C. Matching to the weak-field exterior solution ® = ¢? —
Gm/r at large r, where f — 1, fixes C = Gm. Hence,

2 2 a0 _
c? dr

Gm (5.15)

Integration with the boundary condition ® — ¢? as r — oo gives



®?2(r) = c* (1-25), (5.16)

rc?

and therefore the physical exterior branch is

B(r) = |1 - =, f= it - = (5.17)

Thus,
2 _ _ 2Gm
fr)=1-— (5.18)
For Gm/(rc?) < 1, expansion of Eq. (5.17) gives
_ 2 Gm  G*m? G3m3
() =c T 2r2c? (r3c4 )' (5.19)

whose leading term is precisely the linear weak-field solution of Sec. III.

The same result follows directly from the auxiliary potential ¥ = ®2/(2¢?). Since V¥ = 0
outside the localized configuration, asymptotic matching gives

v =< - o, (5.20)

T

which immediately reproduces Eq. (5.16). Thus, the auxiliary field retains the inverse-distance
form while the physical vacuum-capacity field acquires the nonlinear square-root dependence.
The lower capacity bound ® = 0 is reached at

2Gm
Th =

p (5.21)
This radius differs from the linear estimate L, = Gm/c? of Sec. 1II.B because the latter was
obtained by extrapolating the weak-field solution into the finite-depletion regime. The nonlinear
solution instead places complete depletion at 2Gm/c?, numerically coinciding with the
Schwarzschild radius of a static, spherically symmetric mass[1, 4, 40]. In general relativity,
2Gm/c? is the Schwarzschild horizon radius.

Equation (5.17) is an exterior solution. Its direct continuation below 73, would make & imaginary,
indicating that the present real-valued static capacity description does not determine the region
r < 1. An interior or saturated-vacuum solution must therefore be treated separately rather than
inferred by extrapolating Eq. (5.17).

The central strong-field result is consequently

Dd2(1) _ 2Gm

— =1 =1-

(5.22)

rc2 ’

Remarkably, the same radial function appears in the Schwarzschild exterior geometry [1, 4, 40].
In the present framework, however, Eq. (5.22) arises from the state-dependent redistribution of
the bounded vacuum rather than from Einstein's field equations. Its connection with the effective
spacetime metric is developed in Sec. VI.



VI. Emergent Spacetime Structure from Vacuum Capacity
A. Temporal Scaling and Gravitational Time Dilation

The nonlinear solution of Sec. V establishes the normalized field f = ®/c? as the local measure
of the remaining vacuum capacity. In the present framework, spacetime geometry is not
introduced as an independent fundamental field; rather, the effective temporal and spatial scales
are associated with the local vacuum-capacity state. We first consider the temporal sector.

Physical clocks measure time through the phase evolution of periodic processes. For a localized
excitation of invariant rest mass m, define the reference proper-time oscillation frequency

(6.1)

This frequency characterizes the locally measured intrinsic oscillation and therefore remains
associated with the invariant rest energy mc?. In a spatially varying vacuum-capacity field, the
corresponding frequency measured relative to the asymptotic coordinate time is redshifted
according to

0 () = fDwy =3 0, (6.2)
Equivalently,
Aw(x) = mc?f(x) = md(x) (6.3)

Equation (6.3) should be interpreted as the coordinate-associated energy/frequency scale, not as a
variation of the locally measured invariant rest mass.

If 6 denotes the oscillator phase, the same physical phase increment may be expressed relative to
coordinate time as

do = w(x)dt (6.4)
or in terms of the invariant reference frequency and local proper time as
df = wydt (6.5)
Since phase is a physical invariant, equating Eqgs. (6.4) and (6.5) and using Eq. (6.2) gives
dr = f(x)dt = 22 dt (6.6)

Thus, the relation between local proper time and the asymptotic coordinate time is determined
directly by the vacuum-capacity field. The corresponding temporal metric component is

gee = —f%  dStime = —f2c?dt? (6.7)
The nonlinear exterior solution obtained in Sec. V,

) =1-

2Gm

(6.8)

)
rc?

therefore gives



2Gm
rc?

dr = |1—

dt, (6.9)

which is precisely the gravitational time-dilation factor of the Schwarzschild exterior geometry
[1, 4, 40]. In the bounded-vacuum framework, however, this factor is interpreted as emerging
from the spatial variation of the vacuum-capacity field.

The gravitational redshift follows from the same phase relation. For a stationary clock at radius 7,
the frequency referred to the asymptotic coordinate time is w(r) = f(r)w,. Hence, for two

stationary positions,
w(ry) _ f(r1) 1-26m/(r1c?)
= = ’ 6.10
w(rz)  f(r2) 1-26m/(rzc?) ( )

For an observer at infinity, f(o0) = 1, giving Wy, = f(r)Wiecqr » Which reproduces the standard
gravitational redshift relation [1, 4, 40].

The same capacity scaling also suggests the corresponding spatial normalization. For a locally
propagating phase disturbance with characteristic speed c, the coordinate wave number satisfies
w(x)

k() === =kof(x), ko= (6.11)

c c
The associated coordinate wavelength is therefore

21 10

A =0 T

(6.12)

Since physical length standards can ultimately be related to microscopic wavelengths or periodic
spatial standards, this reciprocal scaling motivates the local radial spatial relation

dlypys = f1dl (6.13)
Accordingly, the temporal and radial spatial sectors scale reciprocally,
dr = fdt, dlyp,s = f~1dl (6.14)

This reciprocal relation provides the physical motivation for the effective metric construction
developed explicitly in Sec. VI.B. It should be emphasized, however, that the spatial relation in
Eq. (6.13) is a model assumption motivated by the proposed wavelength/ruler correspondence;
unlike the temporal redshift relation, it does not follow from phase invariance alone.

In the weak-field regime, Gm/(rc?) < 1,

_ _2tm ., Gm
f@r) = /1 —=1-— (6.15)

dr = (1 - G—”;) dt = (1 +¢C’—’2V) dt, (6.16)

so that

where ¢y = —Gm/r. This is the standard weak-field gravitational time-dilation relation [1].



At the capacity boundary r, = 2Gm/c?, the exterior solution gives f = 0, and consequently
dt/dt — 0 relative to the asymptotic Schwarzschild time coordinate. The temporal sector
therefore follows from the phase evolution of localized vacuum excitations together with the
spatially varying capacity field. The nonlinear solution of Sec. V reproduces the Schwarzschild
gravitational time-dilation factor, while the reciprocal spatial scaling motivated above provides
the basis for constructing the complete exterior metric in Sec. VI.B.

B. Spatial Scaling, Effective Refractive Index, and Emergent Schwarzschild
Geometry

The temporal scaling obtained in Sec. VLA, dt = fdt, determines the effective time component
of the metric. The corresponding radial spatial scaling follows from the reciprocal wavelength
relation established there,

dlyhgs = fdr (6.17)

For a static spherically symmetric configuration, the radial coordinate r is chosen as the areal
radius, so that spheres have physical area 47r?. The angular sector therefore retains its standard
form r2dQ?, where

dO? = d6? + sin?0 d¢? (6.18)
Applying the reciprocal capacity scaling to the radial element gives
dlonys = f2(r)dr (6.19)
Combining the temporal and spatial scaling relations yields the effective exterior line element

ds? = —f2(r)c?dt? + f~2(r)dr? + r2dQ? (6.20)

The physical construction underlying Eq. (6.20) is illustrated schematically in Fig. 2. A reduction
of the remaining vacuum capacity f = ®/c? produces the complementary temporal and radial
scaling relations d7 = fdt and dl,,ys = f “1dr. These relations define the effective spacetime
geometry while preserving the locally measured propagation speed c. Substitution of the
nonlinear exterior capacity profile derived in Sec. V then yields the Schwarzschild exterior
geometry, together with the associated gravitational time dilation, redshift, and light deflection.
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Figure 2. Vacuum-capacity scaling and the emergence of effective spacetime geometry.

Substituting the strong-field solution

Ay =1-

2Gm
rc?

(6.21)

into Eq. (6.20) gives

ds? = - (1-2%) c2de? + (1 - me)_l dr? + r2dQ? (6.22)

c? c?

Explicitly,

ds? = - (1-2%) c2de? + (1-233) " dr? 12402 + r2sin?0 d? (6.23)
Equation (6.23) is mathematically identical to the Schwarzschild exterior metric for a static,
spherically symmetric, nonrotating mass[ 1, 4, 40]. The distinction is interpretational: in GR the
Schwarzschild geometry is obtained from Einstein's field equations, whereas here the same
exterior geometry is reconstructed from the nonlinear vacuum-capacity profile together with the
temporal and spatial scaling relations.

An immediate consistency relation is

IetGrr = —1 (6.24)




For radial null propagation, ds? = dQ? = 0, Eq. (6.20) gives

T o2 (6.25)

at
This is a coordinate velocity relative to r and ¢, not the locally measured velocity of light. Indeed,
using dt = fdt and dl,,,,s = dr/f,

Iphys _ o (6.26)

dt

Thus, light always propagates locally at ¢, consistent with the continuum relation T /u = ¢2.

The same result admits a useful optical interpretation. Relative to the asymptotic coordinates, Eq.
(6.25) defines a radial effective refractive factor

_ c 1 _26m -1
ne(r) = i = s = (1-23) (6.27)

This quantity should be understood as an effective gravitational optical index, not as a material
refractive index of the vacuum: the locally measured light speed remains exactly c. Moreover,
because r is the Schwarzschild areal coordinate, Eq. (6.27) describes radial coordinate
propagation and should not by itself be treated as an isotropic refractive index for arbitrary rays
[26, 41, 42].

In the weak-field limit, e = Gm/(rc?) « 1,

n.(r)y=1+ 20m

(6.28)

rc?

The factor of two is important. It reflects the combined temporal and spatial gravitational scaling.
In an equivalent weak-field optical-metric description, the same first-order effective index
governs light propagation [26, 41, 42]. For a ray passing a mass with impact parameter b, write
r = Vb2 + z2. The small-angle deflection obtained from the transverse gradient of the effective
index is

o Jn

a=[" 0 (6.29)
Using
n(r) =1+, (6.29)
gives, in magnitude,
= e = e (6.30)

Equation (6.30) is the standard first-order light-deflection angle of GR [1, 4, 26]. The result is
twice the Newtonian corpuscular value 2Gm/(bc?); in the present construction, the full factor
arises because the vacuum-capacity field determines both the temporal scaling dt = fdt and the

reciprocal spatial scaling dl,pys = f~'dl.

The weak-field metric correspondingly satisfies



2Gm
rc?

2G
) g1+ (6.31)

It = _(1

reproducing the first-order Schwarzschild behavior. Since the complete metric (6.22) is
Schwarzschild, the associated gravitational redshift, light deflection, Shapiro delay, perihelion
advance, and other exterior geodesic predictions are identical to those of GR within the static
spherical sector [4, 26].

At the capacity boundary

__2Gm
T = oz

(6.32)

one has f -0, g;+ = 0, and g,,, = o in Schwarzschild coordinates. Correspondingly, the
coordinate optical factor n, = 1/f2 diverges. This does not represent a vanishing local light
speed; Eq. (6.26) continues to express the local causal propagation speed c. The boundary
instead corresponds to the infinite redshift and coordinate-time behavior of the Schwarzschild
exterior representation [4]. The present exterior construction does not by itself determine the
continuation of the vacuum-capacity field into r < ry,.

The central geometrical result remains

2Gm

ds? = —f2c?dt? + f~2dr? + r2dQ?, f2=1 7

VII. Relativistic Phase and Matter-Wave Dynamics of Localized Vacuum
Excitations

A. Intrinsic Vacuum Oscillation and Emergence of the Relativistic Matter-
Wave Phase

The continuum dynamics developed in Sec. IV admit localized oscillatory vacuum-capacity
excitations. In the localized limit, where spatial gradients may be neglected, the source-free
equation reduces to

dZ
— +wip =0, (7.1)

where 7 is the proper time of the localized excitation and w,, is its intrinsic rest-frame frequency.
The corresponding solution may be written as @ (1) = Acos(w,T + ), with intrinsic phase

0 = wyt (7.2)

Thus, within the present framework, a material excitation possesses an intrinsic periodic
dynamics arising from the localized oscillation of the vacuum-capacity deficit rather than from
an independently introduced matter wave.

To connect this continuum oscillation with the observed relativistic energy scale, we impose the
Planck—Einstein normalization [18, 43].

ha)o = mCZ, Wy = (7.3)



Here m is the invariant mass identified with the localized vacuum loading in the preceding
sections. Equation (7.3) provides the quantum normalization of the intrinsic continuum
oscillation; the appearance of i is therefore an input connecting the bounded-vacuum dynamics
to the experimentally established energy-frequency relation rather than a quantity derived from
the classical continuum action itself [43].

Because the physical phase is a Lorentz scalar, the same phase observed from an inertial frame in
which the localized excitation moves with velocity v may be written as [18, 37, 44].

0=wt—k-x (7.4)
Equating this expression with the proper-time phase 6 = wyT, or equivalently Lorentz
transforming the rest-frame phase four-vector K = (wo/c, 0), gives

w = YWy, kzy%u (7.5)
where y = (1 — v?/c?)~Y/2.
Using Eq. (7.3), these relations become
hw = ymc?, hk = ymv (7.6)

Identifying the relativistic energy and momentum of the localized excitation as E = ymc? and
p = ymv therefore yields

E=hw, p=hk (7.8)

The associated spatial wavelength is consequently

2r h
Aag = =5 (7.9)
which is the de Broglie relation[18, 43, 45]. In this interpretation, the de Broglie wave is the
spatial phase structure generated when the intrinsic oscillation of a moving localized vacuum
excitation is described in an inertial frame. It is therefore distinct from the physical localization
size of the underlying vacuum deficit.

B. Relativistic Dispersion, Klein—Gordon Limit, and Causal Propagation

The relativistic phase obtained in Sec. VII.A connects the intrinsic oscillation of a localized
vacuum excitation with its spacetime propagation. Since the phase four-vector K# = (w/c, k) is
related by a Lorentz transformation to the rest-frame vector K = (wq/c, 0), its invariant norm
satisfies [18, 37, 44]

2 2
w2 _%o
c? c?’

and therefore

w? = c?k? + wj (7.9)



Importantly, Eq. (7.9) is also obtained directly from the source-free bounded-vacuum continuum
equation derived in Sec. IV,

120 g4 4 9, — (7.10)

c2 9t2 c?

For a normal mode ¢ = Ae!**=@) Eq. (7.10) gives precisely the dispersion relation (7.9). Thus,
the Lorentz transformation of the localized vacuum oscillation and the independently derived
continuum dynamics possess the same relativistic dispersion structure.

Using the quantum normalization w, = mc?/h established in Sec. VII.A, Eq. (7.9) becomes
h?w? = h?c?k? + m?c¢* (7.11)
With E = Aw and p = hk, this yields
E? = p?c? + m?c4, (7.12)

recovering the relativistic energy-momentum relation[18, 37, 44, 46]. Correspondingly, Eq. (7.10)
becomes

1 62 2.2
C—Za—tf —V2¢ +_mhzc ©=0, (7.13)
or
2.2
(u +" )(p =0, (7.14)

which has the standard free Klein—Gordon form [45-47]. In the present framework, however, ¢
originates as the oscillatory vacuum-capacity deficit, so the Klein-Gordon structure follows from
the bounded-vacuum continuum after imposing the quantum normalization of its intrinsic
frequency.

The dispersion relation also constrains the propagation velocity. Differentiating Eq. (7.9) gives
the group velocity

dw c2k
v, = — = — (7.15)
g ak /c2k2+wg
For a massive excitation, w, > 0, and therefore
27,2
c‘k
2 _ .2 2
v, =t < C%
9 c2k? + w?
so that
v, < ¢ (7.16)

Using p = hk and E = ho, this is equivalently v, = pc?/E = v. Thus, a massive localized
vacuum excitation cannot propagate superluminally. In the high-wave-number limit ck > w,,

Vg > C from below but never exceeds c.



For a massless disturbance, w, = 0, Eq. (7.9) reduces to

w = ck, vy =¢C

Hence, within the lowest-order bounded-vacuum continuum considered here, massless

disturbances propagate nondispersively at ¢, whereas massive localized excitations propagate

subluminally. Although the phase velocity of a massive mode is vy, = % = Cz/vg > ¢, it does

not represent transport of energy, matter, or information and therefore does not constitute
superluminal propagation [37, 45].

VIII. Nonrelativistic and Localization Limits
A. Schrodinger Limit of the Vacuum-Excitation Dynamics
The relativistic vacuum-excitation equation obtained in Sec. VILB,

1 62 2.2

contains the rapid intrinsic oscillation w, = mc?/h associated with the rest-energy scale. To
obtain the nonrelativistic limit, the field may be represented by a complex positive-frequency
component whose rapidly varying intrinsic phase is separated from a slowly varying envelope
Y(x,t) [45, 46, 48]:

@(x,t) = P(x,t)e i@t (8.2)

For the underlying real vacuum-capacity deficit, the physical field may equivalently be taken as
the real part of Eq. (8.2); the complex representation provides a convenient description of its
phase and slowly varying envelope.

Substitution of Eq. (8.2) into Eq. (8.1), using w, = mc?/h, gives

jﬁ@_@ﬂ%_W¢:0 (8.3)

In the nonrelativistic regime, the envelope varies slowly compared with the intrinsic oscillation,
so that | 021| < wq| 8. |. Neglecting the first term of Eq. (8.3) therefore yields

L% g2y (8.4)

c2 ot

Using w, = mc?/h, Eq. (8.4) becomes

in2 =Ly, (8.5)

2m

which is the free-particle Schrodinger equation [45, 46, 48].

Within the bounded-vacuum framework, Y therefore represents the slowly varying complex
envelope of the relativistic phase dynamics of a localized vacuum excitation after the rapid rest-

frequency factor e M¢*t/h has been separated. Equation (8.5) is not introduced as an



independent nonrelativistic postulate but arises as the low-energy limit of the relativistic
continuum equation obtained in Sec. VII.

The same result follows directly from the BVT dispersion relation. Writing

w =\ + c2k?, (8.6)

and expanding for ck < wg gives

c2k?

2(1)0

w = wy+ (8.7)

Removing the intrinsic rest oscillation leaves the envelope frequency Q = w — w,, for which

ho = K _P° (8.8)
2m 2m )
Thus, the nonrelativistic kinetic-energy relation and the Schrdodinger evolution arise from the

same low-k expansion of the bounded-vacuum dispersion relation.

It should be emphasized that this derivation establishes the dynamical Schrédinger limit of the
vacuum-excitation field. The probabilistic Born interpretation P = ||, measurement postulates,
and quantization of interacting fields do not follow from Eq. (8.5) alone and would require
additional physical structure [6, 45].

B. Compton Localization and the Planck Scale

The intrinsic oscillation introduced in Sec. VII provides a natural length scale for a localized
vacuum excitation. Since the characteristic propagation speed of the bounded-vacuum continuum
is ¢, the intrinsic frequency w, = mc?/h defines the reduced Compton scale

to=t=L (8.9)

Thus, £ represents the distance over which a disturbance propagating at ¢ accumulates an
intrinsic phase of order unity. The full phase wavelength is A = 2nf, = h/(mc). The Compton
wavelength is the standard relativistic quantum localization scale associated with a particle of
mass m [6, 45, 46, 49].

Within the present framework, €~ should not be identified automatically with the physical radius
of the localized vacuum-deficit core. Rather, it characterizes the intrinsic phase/localization scale
associated with the oscillatory excitation. Localization substantially below this scale requires
momentum and energy sufficiently large that a fixed-particle-number description ceases to be
adequate in relativistic quantum theory [6, 45, 46].

The bounded-vacuum description independently introduces a gravitational localization scale
through the finite-capacity condition. As obtained in Sec. III.B, the linear estimate is

Gm
Le=— (8.10)
This scale marks the onset of strong vacuum depletion in the linear theory; it is not the exact

strong-field horizon radius, which the nonlinear solution of Sec. V gives as r, = 2Gm/c?.



A characteristic crossover occurs when the quantum phase-localization scale and the
gravitational depletion scale become comparable,

-~ L, (8.11)
Using Egs. (8.9) and (8.10),
ho_gm
mc c?’
which gives
2 he
m - (8.12)
Hence the corresponding mass scale is
m~mp = |5 (8.13)

and substitution into either length scale gives

_ |nG
tp = = (8.14)
These are the conventional Planck mass and Planck length [50-52]. In the bounded-vacuum
interpretation, their appearance identifies the regime in which the characteristic quantum phase-
localization scale becomes comparable to the scale at which gravitational vacuum depletion can

no longer be treated perturbatively.

If instead the exact nonlinear capacity boundary r, = 2Gm/c? is equated to the reduced
Compton wavelength, the crossover differs only by an order-unity factor,

m = :‘—G L=+2¢, (8.15)
Accordingly, the robust result is the Planck scale, rather than a unique numerical crossover
coefficient. This distinction is important because neither the Compton wavelength nor the
gravitational radius defines a sharply localized particle boundary [6, 51, 52].

IX. Relativistic Quantum Dynamics in a Spatially Varying Vacuum-Capacity
Field

The matter-wave dynamics of Secs. VII and VIII were developed for the homogeneous vacuum,
f = 1. In a gravitational configuration, the remaining capacity varies as f(x) = ®(x)/c?, and
the phase dynamics must be referred to the emergent spacetime structure obtained in Sec. VI.
The intrinsic proper-time oscillation remains

mCZ

h

df = w, dr, Wy = (9.1)

For a stationary excitation, dt = f dt, and hence the frequency referred to the asymptotic
coordinate time is



w®) = fX)w,,  hw(x) = mcf(x) = md(x) (9.2)

Thus, m® represents the coordinate-associated energy scale of a stationary excitation, whereas
its locally measured invariant rest energy remains mc?2. For moving excitations, the gravitational
and kinematic effects are incorporated together through the covariant phase relation [37, 53]

do = %pudx” = w, dr, 9.3)
with the overall phase sign depending on convention. The corresponding mass-shell condition is
9" pupy = —m*c? (9:4)
Using the emergent BVT metric derived in Sec. VI,
ds? = —f2c?dt? + f~2dr? + r?dQ?, (9.5)
the relativistic phase action S, defined through 8 = §/#, satisfies the Hamilton—Jacobi equation
~a5) () +5() + ma (5) +mier =0 ©6)

Thus, the same capacity field f that determines temporal and spatial scaling also governs the
relativistic phase propagation of the localized vacuum excitation.

The natural minimally coupled extension of the flat-space Klein—Gordon equation obtained in
Sec. VIL.B to this emergent geometry is [53-55]

2,2
(ug - m?) W =0, (9.7)
where, using the (— + ++) signature,
1
0y = =0,(—9 9" 9,¥) (9.8)

Curved-spacetime Klein—Gordon dynamics are conventionally obtained by replacing the flat
spacetime wave operator by its generally covariant counterpart. For Eq. (9.5), this gives

1 0% |, 10 [ 5,200 1 oo
U%ﬁz+ﬁ;@f5ﬂ+ﬁ%¢—

m

¥ =0 (9.9

Equation (9.9) should be regarded as the minimal-coupling extension of the BVT matter-wave
dynamics to the emergent geometry rather than as an independent fundamental postulate. A
complete derivation from BVT would require extending the continuum action of Sec. IV
explicitly to the state-dependent spacetime background.

In the weak-field regime, ® = ¢? + ¢, with |¢py|/c? < 1. Separating the rapid rest phase

e~ime*t/h gng retaining the leading nonrelativistic terms reduces the relativistic dynamics to the
gravitational Schrodinger equation [54-56]

., 0 h?
ih2 = =2 V2 + meyp (9.10)



The recovery of Schrodinger-type dynamics as the nonrelativistic weak-field limit of Klein—
Gordon dynamics in a gravitational metric is standard. In the bounded-vacuum description,

¢y =P —c? Yy =m(P—c?) (9.11)

The gravitational potential energy therefore appears as the weak-field departure of the vacuum-
capacity energy from its homogeneous value, while the full strong-field phase dynamics are
governed by the emergent metric g, (f).

X. Physical Consequences and Testable Predictions

The preceding sections show that the bounded-vacuum framework reproduces the Newtonian
weak-field limit, Schwarzschild exterior geometry, relativistic matter-wave dispersion, and the
nonrelativistic Schrodinger limit. Since the static spherically symmetric metric of Sec. VI is
identical to the Schwarzschild exterior metric, conventional static gravitational tests cannot by
themselves distinguish the present framework from General Relativity (GR). Distinguishing
signatures must instead arise from the dynamical response of the vacuum-capacity field,
particularly where f = ®/c? varies strongly in space or time.

A. Static Gravitational and Quantum Limits
For a weakly coupled test body, Sec. III gives
a=-Vo, (10.1)

which is independent of the test-body mass. The bounded-vacuum theory therefore predicts
universal free fall at the level developed here, consistent with experimental tests of the weak
equivalence principle [25, 57, 58]. The MICROSCOPE experiment, for example, found no
violation at approximately the 107> level.

Similarly, the nonlinear exterior solution

Ay =1-

2Gm

(10.2)

rc?

produces

ds? = — (1 - 2G’”) c2dt? + (1 - 2G’”)_1 dr? + r2d0? (10.3)

rc? rc?

Consequently, gravitational redshift, light deflection, Shapiro delay, perihelion advance, and
other observables determined solely by the Schwarzschild exterior geometry agree with GR [40,
53, 59]. These constitute consistency requirements rather than unique predictions of the
bounded-vacuum interpretation.

The matter-wave sector similarly recovers

h

E=hw, p=hk Jau= (10.4)

together with the weak-field gravitational potential energy

V, = m(® —c?) = mey (10.5)



Thus, conventional matter-wave and weak-field interferometric phenomena are recovered at
leading order[18, 45].

B. Propagation of Vacuum Disturbances

A more direct dynamical consequence follows from the bounded-vacuum continuum equation. In
a homogeneous background, the dispersion relation derived in Sec. VII is

w? = c2k? + w? (10.6)

For massless vacuum disturbances, w, = 0, giving

d
w = ck, v, = ﬁ =c (10.7)
The lowest-order BVT continuum therefore predicts no frequency-dependent dispersion for
massless propagation in a homogeneous vacuum. Superluminal signal propagation is likewise

excluded: massive excitations satisfy v; < ¢, whereas massless disturbances satisfy v, = c.

This result is experimentally important because gravitational-wave observations strongly
constrain modified propagation laws. Current gravitational-wave tests have found no evidence
for anomalous dispersion, additional polarization modes, or departures from the relativistic
propagation expected in GR [60]. Thus, the nondispersive massless limit of the present
continuum is compatible with existing observations.

Any observable BVT departure in wave propagation would consequently have to originate from
state-dependent dynamics in an inhomogeneous or strongly depleted vacuum, rather than from
an arbitrary modification of the homogeneous dispersion relation. Such corrections should be
derived from the nonlinear dynamical action before quantitative observational bounds are
claimed.

C. Strong-Field Dynamical Signatures

The most promising distinction from GR arises because BVT assigns a physical continuum state

to the quantity
26
f@r) = /1 - (10.8)

which approaches zero near the capacity boundary. Although the stationary exterior metric
coincides with Schwarzschild geometry, perturbations of the underlying capacity field need not
possess exactly the same dynamical weighting as metric perturbations in GR.

If a dynamical perturbation @ is introduced about the equilibrium background,
d(x,t) = P(x) + 5P (x, 1), (10.9)

then the nonlinear response developed in Sec. V implies that its propagation coefficients depend
on the background remaining capacity f = ®/c?. Schematically, the perturbation equation
therefore takes the form

0. [u(f) 8,60] — V- [T(HVSD] + - =0 (10.10)



If the depletion rescales the two coefficients proportionally,

T(f) = Tof, u(f) = uof, (10.11)
then
T(f) _ To _
o c?, (10.12)

so the local characteristic propagation speed remains c. Nevertheless, spatial gradients of f
remain in Eq. (10.10) and can modify the amplitude and effective perturbation potential without
producing superluminal propagation or a frequency-dependent vacuum speed.

This identifies strong-field transient phenomena—particularly black-hole perturbations and
ringdown—as a potentially useful testing regime. Existing gravitational-wave observations have
so far found black-hole ringdown and other strong-field consistency tests compatible with GR
[60]. A genuine BVT prediction would therefore require deriving the complete linearized
perturbation equation about the nonlinear background and calculating its quasinormal-mode
spectrum,

Wil = Wiy + dw(f) (10.13)
with corresponding damping modification

T8XT = T§kw + o(f) (10.14)

Equations (10.13) and (10.14) should presently be regarded as targets for a distinguishing
prediction, rather than established deviations of the theory. This distinction is important because
current gravitational-wave observations show no evidence for dispersion or significant
departures of measured remnant/ringdown properties from GR expectations.

Accordingly, the experimentally relevant feature of the present framework is not a deviation
from established weak-field or static Schwarzschild physics, but the possibility that the bounded
capacity 0 < f < 1 modifies the dynamical response of strongly depleted vacuum configurations
while preserving the local causal speed c.

XI. Discussion and Limitations

The bounded-vacuum framework developed here provides an effective continuum description in
which a single scalar field @, bounded by 0 < ® < ¢?, characterizes the local vacuum state.
Localized depletion represents matter loading, while redistribution of the remaining capacity
determines the gravitational response. The normalized field f = ®/c? consequently connects the
nonlinear vacuum response to the effective temporal and spatial scaling derived in Secs. V and
VL. In the static spherically symmetric exterior, this construction reproduces the Schwarzschild
metric exactly. The agreement with General Relativity (GR) in this sector should therefore be
regarded as a consistency result rather than a distinguishing prediction [4, 40, 59].

The matter-wave sector provides a second connection. The continuum action admits localized
oscillatory excitations with intrinsic frequency wy . Upon imposing the experimentally



established quantum normalization Aw, = mc?, Lorentz transformation of the intrinsic phase
yields the Planck—Einstein and de Broglie relations, while the continuum dispersion relation
acquires the Klein—Gordon form and reduces to Schrodinger dynamics in the nonrelativistic
limit[6, 18, 46, 47]. Thus, the framework supplies a common continuum interpretation of these
gravitational and matter-wave structures, but it does not constitute a complete derivation of
quantum mechanics.

Several ingredients remain assumptions or effective constructions rather than consequences
derived from a microscopic theory. In particular, the scale h enters through the quantum
normalization rather than being derived from the bounded-vacuum dynamics. The reciprocal
spatial scaling used to construct the emergent metric is motivated by the proposed
wavelength/ruler correspondence, while the curved-space Klein—Gordon equation of Sec. IX is
the natural minimal-coupling extension of the flat-space continuum dynamics rather than the
result of a fully state-dependent BVT action. A more complete formulation should derive these
structures from a common dynamical principle.

The present analysis is also restricted mainly to scalar excitations and static spherical
gravitational configurations. The physical continuation of the capacity field inside 1, = 2Gm/c?,
rotating and nonspherical configurations, spinor and gauge degrees of freedom, quantum
measurement and the Born rule, and the microscopic structure responsible for vacuum capacity
remain unresolved. These limitations distinguish the present construction from established
complete frameworks such as GR and relativistic quantum field theory [4, 6, 7, 59].

A decisive assessment of the theory ultimately requires predictions that differ quantitatively from
established physics. Because the static exterior metric coincides with Schwarzschild geometry
and the homogeneous massless dispersion relation gives v, = ¢, the most promising departures
are expected in the dynamical response of strongly depleted vacuum configurations. Linear
perturbations about the nonlinear capacity background, black-hole quasinormal modes, and
gravitational-wave ringdown therefore provide natural directions for determining whether the
bounded-vacuum dynamics produce observable deviations from GR [61, 62]. Until such
deviations are derived and confronted with experiment, the present theory is most appropriately
regarded as an effective continuum framework that provides a unified physical interpretation of
several established gravitational and relativistic matter-wave limits.

XII. Conclusions

We have developed an effective continuum framework in which the vacuum is characterized by
a bounded scalar capacity field ®(x,t), with normalized remaining-capacity fraction f = ®/c?.
Matter is represented by localized depletion of this capacity, while gravitation arises from the
associated redistribution of the remaining vacuum response. In the weak-field regime, the
governing field equation recovers the Poisson equation and therefore Newtonian gravity. Beyond
this limit, a capacity-dependent nonlinear response yields the exterior solution ®(r) =

c2\/1—2Gm/(rc?), or equivalently f(r) =/1—2Gm/(rc%). When this local capacity

fraction is related to temporal and reciprocal radial scaling, the corresponding exterior line
element takes the Schwarzschild form,

ds? = —f?c?dt? + f~2dr? + r2dQ*



Thus, within the present framework, the Schwarzschild exterior geometry emerges from the
spatial redistribution of the remaining vacuum capacity rather than being introduced
independently as a prescribed spacetime geometry.

The same continuum description also admits localized oscillatory excitations. With the intrinsic
quantum normalization

hw, = mc?,

Lorentz transformation of the rest-frame phase yields the Planck—FEinstein and de Broglie
relations together with the relativistic energy-momentum dispersion relation. The associated
continuum wave dynamics acquire the Klein—Gordon form and reduce to the Schrodinger
equation in the nonrelativistic limit. Massive excitations remain subluminal, while massless
disturbances propagate nondispersively at the limiting speed c. In this way, the bounded-capacity
field provides a common description linking matter localization, gravitational redistribution,
emergent spacetime scaling, and relativistic matter-wave dynamics.

The framework should therefore be regarded as an effective continuum construction whose
significance depends not only on reproducing established weak-field and exterior relativistic
results, but also on whether it leads to physically distinguishable consequences. Particularly
important tests concern the dynamical behavior of strongly depleted configurations, where the
bounded nature of the vacuum capacity may become relevant, as well as extensions to
nonspherical and rotating systems, time-dependent gravitational configurations, and quantum-
field degrees of freedom. These regimes provide the natural setting for determining whether the
bounded-vacuum description represents only an alternative formulation of known gravitational
and relativistic dynamics or yields genuinely new observable predictions.
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