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ABSTRACT

We develop a covariant effective field theory in which vacuum polarization arises not solely
from charged-matter loops, but from an intrinsic response sector encoded by an antisymmetric
tensor field M,,,. The vacuum carries no background expectation, (M, ) = 0, while mediating a
curvature-dependent electromagnetic susceptibility at tree level. Integrating out the response
sector reproduces the curvature—photon operator structure of GR+QED, but with coefficients set
by a vacuum stiffness scale rather than electron-loop suppression, yielding a parametrically
enhanced polarization-dependent propagation effect in weak gravitational fields.

A Baseline Neutrality result accompanies the construction: constant vacuum-energy shifts,
including zero-point offsets, drop out of the gravitational field equations through trace-modified
coupling, while dynamical vacuum response is retained. Within the EFT regime this removes
ultraviolet sensitivity from zero-point gravitation, leaving a cosmological integration constant as
observational input.

We test the framework against current X-ray polarization data from IXPE, with NuSTAR
providing spectral and timing context. The loop-only GR+QED baseline predicts effectively null
curvature-induced rotation in the IXPE band and gives Xﬁred = 16.4 on the audited sample,
while the vacuum microstructure model gives )(éred = 2.5 with the same source-level
comparison. Control targets remain consistent with null behaviour. The current data therefore
provide empirical evidence for the tree-level vacuum-response interpretation relative to the loop-
only baseline, although not yet a discovery-level detection. The model further predicts an energy-
dependent polarization signature, accessible to deeper IXPE exposures and future hard-X-ray
polarimetry, that provides a decisive test.

Keywords: Curvature—photon coupling, Vacuum microstructure, Vacuum polarization, Effective
field theory, Gravitational birefringence, Semiclassical gravity, Zero-point energy, X-ray
polarimetry, Magnetars



1 INTRODUCTION

The quantum vacuum is not empty. It exhibits measurable polarization, fluctuation, and nonlinear
response, as demonstrated by phenomena ranging from the Casimir effect to vacuum birefringence and
light-by-light scattering [1-4]. At the same time, gravity is described by a geometric theory in which
spacetime curvature responds to stress—energy, a framework confirmed across an extraordinary range of
scales [5-7]. Despite these successes, the gravitational role of vacuum energy remains one of the most
profound unresolved problems in fundamental physics. Straightforward application of quantum field
theory to curved spacetime predicts vacuum energy densities exceeding observed gravitational effects by
many orders of magnitude, giving rise to the cosmological constant problem and placing the vacuum—
gravity coupling under persistent conceptual strain [8-12].

A key tension sits at the foundation. In non-gravitational quantum field theory, the absolute vacuum
baseline is not an observable: only differences, response functions, and fluctuations about a reference
affect measurable physics. Yet in semiclassical gravity, a uniform vacuum contribution is typically
promoted to a literal gravitational monopole source, even though this identification has never been
experimentally certified. This motivates a conservative but structurally distinct possibility: gravity may be
sensitive primarily to dynamical vacuum response—polarization, gradients, excitations, and collective
susceptibility—while remaining insensitive to a uniform ground-state offset.

Concurrently, it is well established that the vacuum behaves as a nontrivial medium in the effective sense.
Vacuum polarization modifies gauge-field propagation, induces nonlinear electromagnetic response, and
in curved spacetime generates curvature—field couplings in the low-energy effective action [2, 3, 13-17].
In particular, the GR+QED effective field theory contains operators coupling curvature tensors to
electromagnetic invariants, implying small but conceptually sharp modifications of photon propagation in
gravitational backgrounds [18-20]. In the standard account, these operators arise from charged-matter
loops and are parametrically suppressed by the electron mass scale, placing their terrestrial consequences
far below present laboratory reach.

Here we construct a covariant effective field theory in which vacuum exhibits dynamical polarization—
not as a derived artifact of matter loops, but as an intrinsic response sector encoded by an antisymmetric
tensor field M, . The framework implements a vanishing-background / finite-response principle: the
vacuum carries no monopole or dipole content in the background, (M, ) = 0, yet supports a curvature-
dependent electromagnetic susceptibility through local, covariant dynamics. When M,,,, is integrated out,
the resulting low-energy theory reproduces the known curvature—photon operator structure of GR+QED,
but with parametrically distinct coefficient scaling set by vacuum microstructure scales (vacuum
“stiffness” and curvature susceptibility) rather than electron-loop suppression. The novelty is therefore
not an enlarged operator basis, but a distinct dynamical origin and scaling regime for the same effective
structures—opening a qualitatively new experimental window.

We further establish a Baseline Neutrality Theorem showing that constant vacuum energy contributions
— including ultraviolet-divergent zero-point offsets — decouple from gravitational sourcing through
exact trace cancellation in the field equations. The mechanism is structurally related to unimodular and
vacuum-sequestering approaches [21] but is implemented here alongside a local dynamical vacuum
response sector, enabling experimentally testable consequences absent in pure trace-constraint
frameworks.

The combined framework is essential for internal consistency: the microstructure field M,,,, itself carries
vacuum energy at scale ~ mj;, which would otherwise gravitate without the neutrality mechanism.



Baseline neutrality therefore isolates constant vacuum offsets while preserving dynamical vacuum
polarization as a physical, observable sector.

The combined theory thus separates baseline vacuum energy from dynamical vacuum polarization within
a single covariant structure. It yields falsifiable laboratory consequences: a polarization-dependent
modification of photon propagation in weak terrestrial gravity leading to a differential frequency shift
between orthogonally polarized resonant cavity modes. Unlike purely astrophysical probes, this enables
controlled terrestrial null-experiment strategies aimed at discriminating vacuum-microstructure scaling
from loop-induced GR+QED expectations. Beyond phenomenology, the framework supplies a concrete
EFT language for “vacuum stiffness” dynamics, making the vacuum’s curvature susceptibility an
experimentally addressable question rather than a purely philosophical one.

The same distinction between loop-induced and stiffness-controlled curvature—photon response can also
be tested in polarized X-ray sources. In the standard GR+QED account, the relevant curvature—photon
operators arise from electron-loop vacuum polarization and are therefore suppressed by the electron scale;
in the present framework, the same operator structures are generated at tree level and are controlled by the
vacuum stiffness combination. This produces a direct observational question: do high-curvature X-ray
sources remain consistent with the effectively null loop-only expectation, or do they exhibit source-
dependent polarization rotations better described by a tree-level vacuum response?

We address this question using currently available IXPE polarization measurements, with NuSTAR used
only as broadband spectral and timing context rather than as a polarimeter. The present data are limited
and noise-dominated, but they permit a direct comparison of predicted and observed source-level
polarization rotations. The comparison shows that the vacuum microstructure model reduces the
prediction error relative to the loop-only GR+QED baseline, while preserving near-null behavior in
control sources. We therefore treat the X-ray analysis as a validation and forecasting layer: it is not yet a
final discovery claim, but it supplies the empirical motivation for the sharper energy-dependent
polarization test derived below.

Finite-boundary setting

All observable predictions in this work are formulated in a finite, quasi-local setting: a resonant
electromagnetic cavity of fixed spatial extent embedded in a weak, externally specified gravitational
background. The cavity defines a timelike boundary regulating the observable vacuum response,
replacing reliance on asymptotic structure with a controlled finite-domain measurement. Our analysis is
restricted to the quasi-static, fixed-background regime, where gravitational dynamics and boundary-value
well-posedness issues for the Einstein equations do not arise. The predicted birefringence signal is
therefore a genuinely quasi-local observable, accessible within a bounded region and insensitive to
infrared averaging or asymptotic boundary conditions.

2 RESULTS

We develop a covariant effective field theory describing the vacuum as a dynamical response medium
coupled to gravity and gauge fields. The construction introduces a minimal polarization sector consistent
with general covariance and gauge invariance and implements a baseline-neutral gravitational coupling in
which uniform vacuum energy does not act as a local monopole source. From this framework we derive
the leading curvature—gauge cross-susceptibility operators, determine their scaling relative to standard
GR+QED effective operators, and obtain modified photon propagation laws in weak gravitational
backgrounds. These results yield a polarization-dependent frequency shift in resonant electromagnetic



cavities in terrestrial gravity, providing a concrete laboratory observable that enables direct experimental
constraints on vacuum microstructure parameters.

Summary of Main Results
This work establishes two independent but complementary contributions:
L. Vacuum Microstructure Framework (Sections 2.1-2.9)

We construct a covariant effective field theory encoding vacuum as a dynamical polarization sector with
intrinsic stiffness and curvature susceptibility. Key results:

* Minimal covariant action for vacuum microstructure field M, with mass scale my, controlling dipole
response

* Tree-level curvature—photon operators reproducing the GR+QED effective action structure but with
parametrically distinct coefficient scaling 1/ (A%prmay)

» Modified photon dispersion yielding polarization-dependent gravitational birefringence

» Laboratory-testable prediction: resonant-cavity frequency splitting § ~ 10723 e nm4 in terrestrial
EFT''"*M

gravity.
1I. Baseline Neutrality Theorem (Section 2.10)

We prove that constant vacuum energy shifts £,,, = L,, + C leave the gravitational field equations for
Juv exactly invariant. Key results:

* Exact decoupling of constant zero-point energy contributions from curvature sourcing

* Elimination of ultraviolet sensitivity in gravitational response to vacuum energy

* Radiative stability with respect to constant vacuum offsets

* A residual integration constant (R) remains as an observational input, not fixed by the present
framework

III. Combined Framework

The two mechanisms are logically independent but physically complementary. The microstructure field
itself possesses vacuum energy ~ mj;; without baseline neutrality this would reintroduce vacuum-energy
gravitational sourcing at the microstructure scale. The combined framework ensures full self-consistency:
local vacuum response remains experimentally accessible, while constant vacuum offsets remain
gravitationally inert.

1V. X-ray validation and energy-dependent forecast

We compare the model with current IXPE source-level polarization rotations and find that the vacuum
microstructure response gives a lower normalized prediction error than the loop-only GR+QED baseline
and a rigid 90° class model. The comparison is driven by non-null rotations in selected high-curvature
sources, while control sources remain near the null expectation. The current sample remains limited, so
the empirical status is a model-preference result rather than a discovery claim. The decisive next
observable is the predicted energy-dependent polarization signature: a coupled evolution of PA(E) and



PD(E), including high-energy Stokes-vector cancellation, testable by deeper IXPE observations and
future hard-X-ray polarimetry.

2.1 Covariant Vacuum Microstructure Model
Footnote: Throughout this work, terms like "vacuum microstructure" and "response degree of freedom"
refer to effective field-theoretic parameterizations of vacuum susceptibility rather than statements about
the fundamental ontology of spacetime. The framework remains agnostic about the specific ultraviolet
completion (e.g., string theory, loop quantum gravity, or composite preon models) that generates this low-
energy response.
We introduce a minimal covariant model for vacuum microstructure encoded in an antisymmetric rank-2
tensor field M,,. This field is treated as an effective response degree of freedom characterizing the
vacuum state,! rather than as a derived excitation of Standard Model matter. The symmetry requirements
imposed at the level of the vacuum state are: (i) general covariance, (ii) locality, and (iii) Lorentz-
invariant vacuum, implemented as

(M) = 0. (2.1.1)
This ensures the ground state does not select a preferred timelike direction.

2.1.1 Action and field strength

The lowest-dimension local action for a massive antisymmetric 2-form compatible with these
requirements is

1 m2
Sy = [ d*x /=g — 5 HuvpHH™ —TMM,WMW , (2.1.2)

where the covariant field strength is defined by
Hyp = VM, , + VM, + VM, (2.1.3)

The kinetic term provides propagating microstructure excitations, while m,, sets the stiffness
(correlation) scale of dipole modes.

2.1.2  Consistency of the Antisymmetric Field Strength
From Eq. (2.1.3), the antisymmetric field strength is defined as

Hypp = VM, + Vo My, +V, My,

! Throughout this work, terms like "vacuum microstructure” and "response degree of freedom" refer to effective
field-theoretic parameterizations of vacuum susceptibility rather than statements about the fundamental ontology of
spacetime. The framework remains agnostic about the specific ultraviolet completion (e.g., string theory, loop
quantum gravity, or composite preon models) that generates this low-energy response.



Taking the exterior derivative yields

ViaH yvp) = VAV M,, ) + cyclic permutations.
Using the antisymmetry of M,,,, the torsion-free property of the Levi—Civita connection, and the
symmetry properties of the Riemann curvature tensor, all curvature-dependent contributions cancel

pairwise under total antisymmetrization. Consequently,

ViaHyup) = 0,
which proves that the Bianchi identity is satisfied identically.

This guarantees that the polarization field defines a mathematically consistent antisymmetric tensor gauge
sector and that the action constructed from H,,, ,respects the required differential constraints.

2.1.3 Euler-Lagrange equation

We derive the field equation by varying Sy, with respect to M,,,. Using

8Hy,, = VM, +V,6My, + V,6M,,, (2.1.4)
the variation of the kinetic term is
! uvp L Hvp
6 —EHWPH = —gH SHyyp- (2.1.5)
Substituting (2.1.4) into (2.1.5) and integrating by parts yields
1
8Siin = J d*x\[—g E(V,,Hp‘”’)c?M,w, (2.1.6)
up to boundary terms. The variation of the mass term is
2 2
my w My
6 _TMI‘VM = —TM (SMMV' (217)
hence
my
8Simass = [ d*x =g | ==~ M EM,, (2.1.8)

Combining (2.1.6) and (2.1.8), stationarity Sy = O for arbitrary §M,,,, gives the Euler-Lagrange
equation

V,HPHY + myM* = 0. (2.1.9)



Equation (2.1.9) is the covariant free equation governing vacuum microstructure excitations.
2.1.4 Flat-spacetime limit and stiffness interpretation

To confirm that my, indeed controls the stiffness scale, consider the Minkowski limit g,,,, = 1, with V-
d. Adopting a plane-wave ansatz

My, (%) = R{ge ¥}, (2.1.10)
equation (2.1.9) reduces to a massive dispersion relation for the propagating modes,
k? + m2 = 0, equivalently w? = k? + mZ,. (2.1.11)

Thus my, sets the characteristic microstructure excitation scale and suppresses long-range dipole structure
in the absence of external perturbations.

This completes the definition of the minimal covariant vacuum microstructure model. In the next
subsection we introduce the leading curvature—dipole interaction terms that govern how gravitational
geometry modulates the stiffness and anisotropic response of the vacuum microstructure sector.

2.2 Gravity-Dipole Cross-Susceptibility (Core New Term)

This subsection introduces and derives the leading covariant couplings between spacetime curvature and
the vacuum dipole microstructure field M,,,,. These terms define the gravity—dipole cross-susceptibility
channel: curvature modifies the effective stiffness and anisotropic response of vacuum dipole structure.

2.2.1 Operator selection by symmetry and dimension

We restrict to local, parity-even operators that are:
(i) generally covariant,

(i1) quadratic in M,,,, (linear response regime), and
(iii) linear in curvature (weak-gravity regime).

In four spacetime dimensions, the action density must have mass dimension 4. With [V] = 1 and [R] = 2,
the kinetic term in (2.1.2) implies M,,,, has mass dimension 1, so [M 2] = 2. Therefore, the lowest-
dimension curvature couplings quadratic in M have schematic form RM? and must be suppressed by one
power of a dimension-2 scale, written as A%pr. This fixes the leading operator class as dimension-6,
suppressed by AzZr.

At this order, the independent parity-even scalar contractions built from R, R, and M, are

uv>

R M, M*Y, R,,, MMM, (2.2.1)

At order RM?, one may additionally write contractions involving the Riemann tensor. Although reducible
at the level of curvature identities, we keep the Riemann contraction as a bookkeeping-complete operator
basis element. Using the decomposition

R
Ruvps = Cuvpo + GuipRolv — GvipRotu — 3 YulpGolv:



together with the antisymmetry of M,,,, all Riemann—dipole contractions reduce to linear combinations of
the Ricci-scalar and Ricci-tensor structures in Eq. (2.2.1), up to total derivatives.

Nevertheless, we allow the independent contraction

RiuvpoM* MP?

uvpo
with coefficient 13 to keep the operator basis manifestly complete.

Thus, the leading curvature—dipole mixing action is

Swix = [ d*x /=g ['71 R M, M* + A’72 R,y MM MY + A"3 Ryypo MM MPO |, (2.2.2)
EFT EFT EFT

where 7, , 5 are Wilson coefficients carrying whatever mass dimension is required to render each operator
coefficient dimensionally correct (equivalently, one may define dimensionless 7; by factoring out a

reference scale); we retain the n; notation for compactness.

The n3R,y pe MHY MPC term is retained only as a formally complete basis element; setting 73 = 0
consistently removes this structure from all subsequent results.

2.2.2  Variation with respect to M,

We now compute the contribution of Sy,ix to the M, field equation, holding the background geometry
fixed during the variation.

(i) Scalar-curvature term. Varying the first term in (2.2.2),

M1 M1
1) RM, yM*V | = ——R M*EM 2.2.3
(4A}25FT ) 20%pr e ( )
Therefore
5SW = [ atx /= [2 —RMMSM,,|. (2.2.4)
Agpr
(ii) Ricci-tensor term. For the second term in (2.2.2),
L, =—2 R MMy, (2.2.5)
ZA%FT #

Varying with respect to M gives two identical contributions:

8L, = ZA"—ZZR,N (EMFEMY+MHESMY).  (2.2.6)
EFT

Relabeling dummy indices in the second term and using antisymmetry of M,,, to express everything in

terms of §M,,,,, one can rewrite (2.2.6) as



5L, = AZ—ZRWMg sMHa, 2.2.7)

EFT

Equivalently, lowering indices and antisymmetrizing on (w v) to match the independent variations

My, = —6M,,,,

8882

mix

1
= [d*x/—g EAZZ (REM® —RYM*)5M,,, (2.2.8)
EFT

Combining (2.2.4) and (2.2.8), the functional derivative of the mixing action is

1 6Smix_ M1 R MM + M2

VA 5Muv - AZEFT A%‘FT

2.2.3 Curvature-induced stiffness shift (isotropic limit)

(REM®™—RyMH). (2.2.9)

At the level of the M,,,, equation of motion, the R M 2 term produces an isotropic renormalization of the
effective stiffness scale. Combining (2.1.9) with the contribution (2.2.9), the curvature-modified
homogeneous equation (no external source yet) takes the schematic form

V,HPHY + (m,zv,— Ag’l R) MH* — AZZ (REMY—RyM) = 0. (2.2.10)
EFT EFT

In weak curvature backgrounds where anisotropies may be neglected at leading order, one may drop the
Ricci-tensor mixing term proportional to 175, yielding an effective scalar shift

n1

2 2
mi = M
EFT

R. (2.2.11)

This is precisely the curvature-renormalized stiffness that will control the linear susceptibility derived in
Section 2.3.

2.2.4 Result statement (explicit and constrained)

Equations (2.2.2) — (2.2.11) show that S,;, is the leading covariant interaction that couples vacuum dipole
microstructure to curvature and, at lowest order, renormalizes the dipole stiffness by a term proportional
to R. These are the lowest-dimension curvature—dipole operators consistent with general covariance and

locality, and they define a universal cross-response channel not present at tree level in standard GR+QFT.

In the next subsection we include an external electromagnetic source and solve for the induced dipole
structure My, in the adiabatic weak-curvature regime.

2.3 Linear Vacuum Response to Electromagnetic Fields
This subsection derives the curvature-renormalized linear response of the vacuum dipole microstructure

field M,,,, to an external electromagnetic excitation F,,. We work to leading order in weak curvature and
in the adiabatic (long-wavelength) regime appropriate for laboratory gravitational fields.

10



2.3.1 Field equation from the action

We start from the microstructure action introduced in Section 2.1,

2
m
Sy = [ d*x/—g Hyp pHHYP —TMM,WMW (2.3.1)

with
Hyyp = VuMyp + Vo, Mpy + Vo My, . (2.3.2)

We include the minimal linear coupling to the electromagnetic field strength (source term),

1
Sint = Ef d4xv -9 M,quHV; (233)

and the curvature—dipole cross-susceptibility terms from Section 2.2,

S = [ 475 [ B R M v R My @34

We now vary the total action § = Sy + Sjp + SpixWith respect to M,

(i) Variation of the kinetic term. Using

6Hm,p =V, oM, o TV, 5M ptVv 5M,w, (2.3.5)
we obtain
1 1 wvp
o) ( 1 Hm,pH ) = _EH 5H1wp (2.3.6)

Integrating by parts and using antisymmetry of M, yields the standard “Maxwell-type” term

1
8Siin = J d*x,[—g [E (VpHp‘“’)c?M,w]. (2.3.7)

(ii) Variation of the mass term.
2
My uv uv
6 _TMMVM = —TM SMW, (238)
SO

mass f d4x\/_ [__legM ] (239)

11



(iii) Variation of the source term.

1
8Sim = 5 [ d*x\[=g F*6M,,. (2.3.10)

(iv) Variation of the curvature—dipole mixing. Treating the background curvature as fixed when
varying My,

5( R MM ) B g MevsM,, 23.11)
4'AEFT 2 EFT
and
5 (2R, mpapy | = 12 —2 Ry, MY SMH. 2.3.12
2A2 nwv AZ ( o )
EFT EFT
Equivalently, rewriting indices to match §M,,,,,
8Smix = J d*x /- [2 R MK+ 52— (R“M“V RVM““)] My, (2.3.13)

Collecting terms and imposing 6S/8M,,,, = 0 gives the Euler-Lagrange equation

R mm — 2 (REMEY—_RYMER) = FHV. (2.3.14)

v 2 v
V,HPEY + miyM* — A2
EFT EFT

Equation (2.3.14) is the exact linearized field equation for M, in a fixed curved background, sourced by
FH,
2.3.2 Reduction to the isotropic adiabatic response

For the leading scalar-curvature renormalization of susceptibility, we isolate the isotropic part controlled
by Rand work in the adiabatic regime where derivatives of M, are parametrically small compared to

M,,,. Concretely, we assume

IR I
| V,HPHY || miy | M#Y ||,m—2 &1, (2.3.15)
M

and we drop the anisotropic R, mixing term proportional to 7, at this stage (its effect is to introduce
direction-dependent corrections to the susceptibility, which can be reinstated systematically as a
perturbation).

Under these assumptions, (2.3.14) reduces to the scalar-renormalized algebraic response equation

(mM h R) My, ~ E,,. (2.3.16)
AEFT

12



Equivalently,

-1
M#v~(m,2v, Uil R) Ey. (2.3.17)

AEFT

2.3.3 Perturbative inversion and linear response formula

We now expand the inverse operator in powers of R/m3%. Write

-1 1 -1
M ) — ( N R )
m R) =—(1- . (2.3.13)
( M Agpr my Agpr miy
For | |<< 1,use (1 —x)"1 =1+ x + O(x?) to obtain
AEFT

11 R?
(mM Ui R) ~— (1+ e i>+0 — . (2.3.19)
AEFT mM AEFT M my

Substituting into (2.3.17) yields the curvature-renormalized linear response relation

My = — (1+ A’71 i) ", (adiabatic, weak-curvature limit). (2.3.20)
M EFT M

2.3.4 Interpretation

Equation (2.3.20) shows that curvature renormalizes the effective vacuum susceptibility relating My, to
F,,. In this framework, spacetime geometry enters the gauge sector by modulating the stiffness scale
governing vacuum dipole response. This curvature-dependent susceptibility is the input required to
integrate out the microstructure field and derive the induced curvature—electromagnetism operators in the
photon effective action (Section 2.4).

2.4 Integrating Out Vacuum Microstructure — Effective Curvature—Electromagnetism Theory
We now derive the low-energy effective electromagnetic action by integrating out the vacuum
microstructure field M. Our goal is to compute the induced curvature—photon operators generated by
tree-level exchange of vacuum dipole modes.

2.4.1 Starting action and quadratic structure

The relevant action terms involving M, and F,,, are

2

1 m 1
S[M,F] = [ d*x\/—g [—EHWPH”"P - TMMWM’“’ + 5 My F* +

TR M, M 12
2 v
4NgFT 2Afpr

R, yM** My
To leading order in curvature, we write the quadratic operator acting on My, as

0 = (mM AE;T R) 5167 + O(Ry), (2.42)

13

(2.4.1)



where the antisymmetrized Kronecker projector is
svl — 1 cucy v sl
8q Op = 5 (6a6p — 5a6ﬁ ). (2.4.3)
Neglecting derivative corrections in the adiabatic regime, the quadratic part of the action reduces to
1
Squaa = J d*x [— [— —~M, 0’” M + — > My F‘“’] (2.4.4)

2.4.2  Solving for M, as a functional of F,,

Varying (2.4.4) gives the algebraic field equation

OLpMF = Frv. (2.4.5)

To leading order in curvature, the inverse operator is

1
O™ pyap = m—2(1+Ag;T M) s¥63) + 0(Rw). (2.4.6)
M

Thus the classical solution is

1 R
My = (07Y) ,yag FE ~ —(1 Ui —) E. 247
uwv ( )uvaﬂ ml%l +A%‘FT m}%/l uv ( )
2.4.3 Substituting back into the action

The effective electromagnetic action is obtained by substituting (2.4.7) back into (2.4.4):

1
See[F] = Sem + 2 [ d*x[—g En, (0" )WBE,p. (2.4.8)
Using (2.4.6), we obtain

1
Mor=— FuyF¥ + M RE,FM 4 O(R,F?). (2.4.9)

M EFTMY

The first term renormalizes the Maxwell kinetic normalization. The second term is the leading curvature—
electromagnetic interaction generated by vacuum microstructure exchange.

2.4.4 Restoring full curvature tensor structure

Including the Ricci-tensor and Riemann-tensor contractions arising from the 7, operator, the effective
curvature—photon Lagrangian takes the general form

ALy = ¢1 R Ey F*™ + ¢y Ry FFAFY + 3 Ry pe F*VFPO, (2.4.10)

14



where the coefficients are determined by microstructure parameters.

The induced c3 coefficient is controlled by the Riemann-sector coupling 75 (or its equivalent basis
choice); setting 73 = 0 consistently removes the c3 structure at this order.

Matching coefficients gives

ni
4

Ci

These operators arise at tree level, from integrating out the dipole vacuum sector, rather than from
quantum loop corrections tied to Standard Model charged particles.

2.4.5 Interpretation: tree-level origin vs loop-level QED

In standard GR + QED, curvature—photon couplings appear only through electron vacuum polarization
loops and scale as

a
c D L —. (2.4.12)

e
By contrast, in the present framework the coefficients are set by vacuum microstructure stiffness,

ni
M~ ——, 2.4.13
' AZEFTmf\‘/I ( )

which is not fixed by Standard Model masses and may be parametrically larger or smaller.

This difference in scaling defines a clean falsifiability axis, enabling experimental constraints on vacuum
microstructure independently of QED.

2.4.6 Summary of derived result
We have explicitly shown that integrating out vacuum dipole microstructure generates curvature—
electromagnetism operators at tree level with coefficients governed by vacuum stiffness scales. These

operators modify photon propagation in curved spacetime beyond the predictions of standard GR + QED.

In the next subsection, we quantitatively benchmark these coefficients against known GR + QED results
to identify the experimentally testable parameter regime.

2.5 Theoretical Benchmark: Comparison to GR + QED
We now compare the curvature—photon operators derived in Section 2.4 to the corresponding terms
arising in standard general relativity coupled to quantum electrodynamics (GR+QED). The purpose is to

establish both structural equivalence at the operator level and parametric divergence at the coefficient
level.
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2.5.1 Curvature—photon operators in GR + QED

In GR + QED, curvature-dependent photon interactions arise from one-loop vacuum polarization
diagrams involving charged fermions. Integrating out the electron at energies well below m, produces the
effective Lagrangian first derived by Drummond and Hathrell:

a
ALpy = — [a; RE, F*+a, R, FFF) +a; pr(,F’“’F”"], (2.5.1)
e

where « is the fine-structure constant and a; are known dimensionless loop coefficients.
Explicit one-loop computation yields

1 13

- g = —— g =——. 252
M 124 T T 3600 % T 3601 (2:52)

Thus, the GR+QED curvature—photon coupling scale is

a
c D L (2.5.3)

i m_g'
2.5.2 Operator matching to the vacuum-microstructure EFT

From Section 2.4, the curvature—photon operators induced by vacuum microstructure take the same
tensorial form:

ALy = €1 R Fyy F*Y + ¢ Ry FRAFY + 5 Ry FHVFPO, (2.5.4)

with coefficients determined by microstructure parameters:

ni
V¥ ~ ——— 2.5.5
' AJZ_L:FTm4M ( )

Equations (2.5.1) and (2.5.4) demonstrate exact operator-level equivalence between GR+QED and the
present framework. Therefore, the two theories differ not in allowed structures, but in the origin and
magnitude of the coefficients.

2.5.3 Ratio of predicted coupling scales

We define the ratio of vacuum-microstructure to QED-induced curvature couplings:

C;/aC
R, = QED -
¢

(2.5.6)

Substituting (2.5.3) and (2.5.5), we obtain

Rj~—2 — (2.5.7)
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This ratio isolates the parametric departure from GR+QED predictions.

2.5.4 Regimes of dominance

Case 1 — QED-dominated regime

If

Ni a
K —

—_ (2.5.8)
AZEFTmIL\l/I me

then vacuum microstructure effects are subleading and GR+QED remains an accurate description.

Case 2 — Comparable regime

If

. i, (2.5.9)
A%?FTmIL\}/I mg

then curvature—photon propagation deviates measurably from GR+QED while preserving the same
operator structure.

Case 3 — Microstructure-dominated regime

If

_m @ 2.5.10
AZEFTmf/I > m_g' (2:5.10)

then curvature-induced photon dispersion is governed primarily by vacuum stiffness rather than Standard
Model loops.

2.5.5 Physical interpretation of the contrast

The GR+QED contribution originates from charged matter loops and is therefore locked to electron
mass and charge. By contrast, the present contribution arises from tree-level vacuum microstructure
exchange, controlled by the intrinsic stiffness scale my, and the curvature mixing scale Aggr.

Thus, even when the two theories share the same effective operator basis, they make numerically
distinct predictions for photon propagation in curved spacetime unless a fine-tuned parameter
coincidence holds:

Ni
—.

—_ = (2.5.11)
A%Frmf\‘/t me

The absence of any symmetry enforcing (2.5.11) makes the agreement non-generic.
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2.5.6 Result statement

We have derived that the present framework reproduces the known curvature—photon operator structure
of GR+QED, while predicting parametrically different coefficient magnitudes. This establishes a clean
falsifiability axis: experimental constraints on curvature-induced photon propagation directly bound the
vacuum microstructure parameters 1;, Agpr, and m,,, independently of Standard Model physics.

In the next subsection, we use these coefficients to derive modified photon dispersion relations in weak
gravitational backgrounds.

2.6  X-ray Polarization Test of the Tree-Level Vacuum Response

The theoretical distinction derived above is directly testable in polarized X-ray sources. Both GR+QED
and the present framework generate curvature—photon operators of the same tensorial form, but they
assign different physical origins and coefficient scales to those operators. In GR+QED, the effect is loop-
induced and tied to the electron mass scale. In the present framework, the effect is generated by tree-level
exchange of the vacuum microstructure field and is controlled by the stiffness combination

_n
2 4
Agprmy

-
~
—

The observational difference is therefore not the existence of the operator basis, but the magnitude and
scaling of the polarization response.

For source i, we write the observed polarization rotation in the form

n

aPAE) = 4360, 6.9) (1)

where K; is an effective curvature/path proxy, G; is a source-geometry and line-of-sight projection factor,
and n is the leading energy-scaling index in the observed band. In the loop-only GR+QED baseline, the
predicted curvature-induced rotation is effectively zero at current IXPE sensitivity. In the vacuum
microstructure model, the same source can acquire a measurable rotation if 2K;G; is non-negligible.

The direct IXPE observable is the polarization-angle shift APA and the polarization degree PD in the 2—8

keV band. NuSTAR is not used as a polarimeter; it supplies spectral and timing constraints on the source
state and high-energy emission context. The validation metric used below is the normalized prediction

error
2
XZ _ [APAobs,i - APAmodel,i
pred o; ’
i

together with source-level residuals | 7; |/o;. This allows a direct comparison between the loop-only
baseline, a rigid class-offset prescription, and the vacuum microstructure response model.

The same energy scaling also gives a sharper future test. Once APA(FE) varies rapidly across a finite
energy bin, Stokes-vector averaging suppresses the observed polarization degree:
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fEEf W (E)exp [2iAPA(E)] dE

PD b (EIIEZ) :PDO |
o [ W (E) dE

Thus, the model predicts not only source-dependent polarization-angle offsets, but also an energy-
dependent PA(E) and PD(E) structure. This supplies a falsifiability target beyond the current source-
level comparison.

2.7 Modified Photon Dispersion in Weak Gravity

We now derive the modified photon dispersion relation implied by the curvature—electromagnetism
effective action obtained in Section 2.4. The result is a polarization-dependent deformation of the light
cone (gravitational birefringence) whose magnitude is controlled by the Wilson coefficients c;.

2.7.1 Effective action and equations of motion

We take the effective electromagnetic action to leading order in curvature as

4 1 uv uv ua v uv ppo
S.[A] = [ d x,/—g[—ZFWF + ¢; RE, F®Y + ¢3R FFOFY + c3Ryyy p FHYF ] (2.6.1)

Varying with respect to 4,,, using 6F,, = 2V[,64,), and integrating by parts yields the modified Maxwell
equations in the compact form

V,(F® — 4c;RFW — 2¢,(Rb F¥ — Ry F**) — 4c3R¥POF, ;) = 0. (2.6.2)
We also retain the Bianchi identity

ViaF ) = 0. (2.6.3)

2.7.2 Geometric optics expansion

To extract the dispersion relation, we use the geometric optics (eikonal) ansatz

i6
A, = ‘R{auexp <?)}, k,=V,0, (2.6.4)
where € - 0 is a bookkeeping parameter. At leading order, derivatives act as V,,— ie_lku on the phase.

The field strength to leading order is

i 0 0
By = p (kﬂav—kvau)exp (?) + O0(e”). (2.6.5)
We adopt the standard Lorenz gauge at leading order,

k-a=keat =0, (2.6.6)
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which projects onto physical transverse polarizations.

In the weak-curvature, adiabatic regime, we neglect derivatives of curvature compared to derivatives of
the phase,

|VRIKI k| IRI,IVRypo IKI K| | Ryypo |- (2.6.7)
This is the same long-wavelength separation used in effective field theory propagation calculations.
2.7.3 Leading-order propagation equation

Substituting (2.6.5) into (2.6.2), and keeping the leading € ~2 terms, one obtains an algebraic propagation
condition for the polarization amplitude a* of the form

My (k,R)a’ =0, (2.6.8)
where M is a curvature-dependent polarization operator.
For the Maxwell term alone, the leading-order contribution is
k,FW = (k*6) — kVks)a®. (2.6.9)

Imposing the transverse condition (2.6.6) removes the kY k, piece on the physical subspace, leaving
k%a”.

The curvature terms contribute corrections that are linear in curvature and quadratic in k. Collecting them
yields the standard structure

k2a” + TI%(R, k) a® = 0, (2.6.10)

where the leading polarization tensor I1}, can be written schematically as

Hg (R,k) = ﬂl C1 R k2 ?3-/ + Bz Cy R”p k‘ukp ?3-} + B3 C3 Rla'p k‘ukp + .- y (2611)
with Py = 85 — kk’;” the projector transverse to k¥, and 8; order-unity numerical factors fixed by the

detailed contraction algebra. (The ellipsis denotes terms that vanish on-shell at leading order or are higher
order in curvature/derivatives under (2.6.7).)

2.7.4 Dispersion relation and polarization splitting
A nontrivial solution of (2.6.10) requires
det [k28Y + I%(R, k)] = 0 on the physical polarization subspace. (2.6.12)

To first order in curvature, we may treat IT as a small perturbation and solve for the deformation of the
null condition k? = 0. Writing
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k% = 8k2,| 8k 1< k |2, (2.6.13)

equation (2.6.10) implies, for polarization eigenvectors ai,

5k3 = AL (R, k), (2.6.14)

where A, are the eigenvalues of Il restricted to the transverse polarization subspace. Since II is linear in
curvature and quadratic in k, we have

AR ) ~ e R (k- w2, (2.6.15)

where R denotes the characteristic tidal curvature scale of the background and u* is a timelike unit vector
defining the laboratory frame.

To convert §k? into a velocity shift, take local inertial coordinates in the lab frame so that k* = (w,K)
and, to leading order,

k? = —w?+]1 Kk |2, (2.6.16)
For a small dispersion perturbation § sz_r, the phase velocity shift satisfies

v, _8(w/Ikl) 8k}
v w/IKl  2w?

—w?+ K+ 6k =0>

(2.6.17)

Using (2.6.14) — (2.6.15), we obtain the parametric result

ov
Ti ~c® R (2.6.18)
and therefore a polarization splitting
Av_ Vi TV @ O
? = » ~ Ceff - Ceff ):R (2619)

Here Céfi;) denote definite linear combinations of (c;’ ¢;’ c3) determined by the propagation direction
relative to the curvature principal axes and by the polarization basis. The essential point for falsifiability
is that the effect is linear in the tidal curvature scale and controlled by the same Wilson coefficients
c; derived in Section 2.4.

2.7.5 Connection to the microstructure parameters

Using the tree-level scaling derived previously,

ni
4)

Cl. ~ ——
A%FTmM

(2.6.20)
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equations (2.6.18) — (2.6.19) imply that curvature-induced birefringence is controlled by the
microstructure combination

® "

cE (2.6.21)

2 4
Agprmy

up to order-unity geometry-dependent factors.

In the next subsection we specialize R to the Earth’s tidal curvature scale and convert (2.6.19) into a
laboratory frequency-splitting observable for cavity modes.

2.8 Earth-Scale Prediction (Laboratory Limit)

We now specialize the general photon dispersion result derived in Section 2.6 to the weak gravitational
field of the Earth and derive an explicit laboratory prediction for curvature-induced polarization splitting.

2.8.1 Earth’s tidal curvature scale
In the weak-field limit outside a spherical mass Mg, the spacetime metric is approximately

Schwarzschild. The dominant curvature relevant for photon propagation is set by the tidal Riemann tensor
scale,

GMg
Rey ~—57- (2.7.1)
c*ry
Substituting Earth parameters
G =6.674%x 107" m3 kg™t s7% Mg = 5.97 x 10** kg, rgy = 6.37 x 10°m, (2.7.2)
we obtain
Rg ~ 1.7%x 10723 m™2 (2.7.3)

In the exterior vacuum region of an ideal Schwarzschild source one has R = 0 and R,,,, = 0, so the
leading contribution to birefringence arises from the tidal Riemann components entering the

3Ry pa F*V FP structure; our scalar estimate Rg is therefore to be interpreted as the characteristic tidal
Riemann scale.

This sets the characteristic curvature scale entering the birefringence relation (2.6.19).

2.8.2 Velocity shift induced by Earth curvature

From Section 2.6, the polarization-dependent fractional velocity shift satisfies

Av
7 ~ CefffR, (274)

where ¢ is a linear combination of the Wilson coefficients c;.
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Specializing to Earth curvature,

Av
7 ~ Ceff :R@ (275)

Using the microstructure scaling relation derived in Section 2.4,

Ceff ~ 5> (2.7.6)
T Agprmy
we obtain the Earth-specific prediction
Av n
—~—=——7 Rg (2.7.7)

v Agprmy
2.8.3 Mapping velocity shift to resonant cavity frequency splitting

For a resonant electromagnetic cavity of physical length L, the mode frequency is

- 2.7.8
f_ii ()

where v is the photon phase velocity in the medium and n is an integer mode index.

A polarization-dependent velocity shift therefore induces a fractional frequency shift

Af  Av
R (2.7.9)

Thus, the predicted polarization splitting between orthogonal cavity modes is

5= (Af—f)" - <¥)l ~ cur R (2.7.10)

Substituting (2.7.6),

_n
2 2
Agprmy

5 Rg (2.7.11)

2.8.4 Angular dependence and Earth-rotation modulation

The effective coefficient c.¢ depends on the alignment of the cavity polarization axes with the principal
curvature directions. Writing this dependence explicitly,

Ceft = Ceir(6, @), (2.7.12)
where 6, ¢ define the cavity orientation relative to the Earth-center radial direction.

As the Earth rotates with angular frequency (¢, the measured splitting becomes time-modulated:
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§(t) = 6p + 81cos (gt + @), (2.7.13)
providing a clean lock-in signature that discriminates the signal from static systematics.
2.8.5 [Expected signal magnitude

Combining (2.7.3) and (2.7.11), the predicted fractional cavity splitting magnitude is

_n
2 )
EFTMM

§~1.7x10723 (2.7.14)

Thus, an experimental sensitivity of d,,;, constrains the microstructure parameter combination:

n < Smin
A2pomd, ~ 1.7 X 10723

(2.7.15)

2.8.6 Result statement

We have derived a direct Earth-scale laboratory prediction: vacuum microstructure induces a
polarization-dependent resonant cavity frequency splitting proportional to the Earth’s tidal
curvature. The predicted signal scales linearly with Rgq and depends on a single microstructure

parameter combination 17/(A%rrm3;), enabling quantitative experimental falsification.

In the next subsection, we convert this relation into an explicit experimental bound formula and
sensitivity target.

2.9 Experimental Observable and Bound Formula

We now express the Earth-curvature prediction of Section 2.7 as an explicit experimental observable and
derive the corresponding bound on vacuum microstructure parameters. The key is to isolate a measurable,
modulation-robust quantity and relate it directly to the coefficient combination 1/(AZgrmyy).

2.9.1 Observable definition: polarization splitting in a cavity

Let f, and f, denote two cavity resonance frequencies corresponding to orthogonal polarization

eigenmodes (or, equivalently, two orthogonal cavity mode configurations with fixed polarization axes).
Define the fractional splitting observable

A A -
5(¢) E(Tf) (t)—(Tf) 0 =110 fofl(t), (28.1)
I 1

where fj is a reference frequency scale (e.g., the mean mode frequency f; = %( fi +fu)-

From Section 2.7, the theory predicts that this observable is proportional to the local tidal curvature scale
and an orientation-dependent coefficient:

6(t) = ci(6(8), (1)) R (2.8.2)
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2.9.2 Earth-rotation modulation and lock-in amplitude

Because c ¢ depends on the cavity’s orientation relative to the curvature principal axes, Earth’s rotation
generates a periodic modulation. Decompose

Cerr(0(1), (1)) = Cefr + Acegrcos (Qgpt + @) + -+, (2.8.3)
so that
6(t) = Eeff:R@ + ACeff:R@COS (Q@f + (p) + .- (284)
8 &

The experimentally robust quantity is the modulation amplitude

61 = Acer Rep, (2.8.5)
since it is insensitive to static cavity asymmetries and many calibration drifts.
2.9.3 Mapping to microstructure parameters

From Section 2.4, the effective curvature—photon operators satisfy

Ci

ni
T (2.8.6)

~
Agprmiy
Since ¢, is a linear combination of ¢; with order-unity geometry factors, we parameterize

n
m,l( = 0(1), (287)

ACeff =K
where k absorbs cavity geometry, mode structure, and projection onto polarization eigenstates.

Substituting (2.8.7) into (2.8.5) yields the predicted modulation amplitude

U

0 =K ———
1 2 4
Agprmy

Rg (2.8.8)

Using the Earth curvature estimate (2.7.3),

_ _ U
8 # k(1.7 X107 m™2) —— (2.8.9)
! Agprmiy
2.9.4 Null-test bound from experimental sensitivity

Let &,in denote the experimentally achieved (or targeted) sensitivity to a sinusoidal modulation at
frequency (g in the polarization splitting observable. A null result implies

| 8, 1S Smin. (2.8.10)
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Combining (2.8.8) and (2.8.10) yields the bound

n 5min
s (2.8.11)
Afprmiy kK Rg
Substituting Rgy ~ 1.7 X 1072 m~2,
n 6min 6min
< ~ 59x 1022 — m? 2.8.12
Apmb k(17 x 1023 m-2) K (28.12)

Equation (2.8.12) is the direct laboratory constraint mapping an achieved fractional frequency modulation
sensitivity into a bound on the vacuum microstructure parameter combination.

2.9.5 Detection criterion
Conversely, a positive detection of a modulation amplitude §; implies

n _ 64
Afprmyy kK Rg

(2.8.13)

providing a direct extraction of the effective microstructure scale (up to the order-unity geometry factor

K).

A key discriminant is that the signal is predicted to track the known periodicity (g and to change

deterministically under deliberate rotation of the apparatus, which allows independent calibration of k
through controlled orientation sweeps.

2.9.6 Result statement (derived, falsifiable)

Equations (2.8.8) — (2.8.12) provide a direct null-test bound and detection criterion: the Earth-curvature—
induced polarization splitting modulation amplitude §; constrains (or measures) the vacuum
microstructure combination n/(A%grmyy). This yields a laboratory falsifiability channel independent of
Standard Model loop scales and directly linked to curvature—dipole cross-susceptibility.

2.10 Summary of Main Results (Boxed)

We now collect the central results derived in Sections 2.1-2.8 and present them in a compact form. Each
result is directly traceable to explicit derivations above and defines a falsifiable statement.

The preceding analysis establishes a covariant effective description of vacuum microstructure and its
induced curvature—gauge response, yielding experimentally testable modifications to photon propagation.
However, any framework that extends vacuum dynamics must also confront the long-standing question of
gravitational sensitivity to constant vacuum energy. To ensure that the present construction remains
consistent with both radiative stability and empirical bounds on the cosmological constant, we now prove
a structural result demonstrating that constant zero-point energy contributions do not source curvature
within this framework. This result is formulated as an exact invariance theorem of the gravitational field
equations and is independent of the specific microstructure dynamics introduced above.
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2.10.1 Result 1 — Covariant Vacuum Microstructure Sector

We constructed a minimal covariant vacuum microstructure field M, governed by the action (2.1.2),
and derived its free field equation

V,HPEY + myM* = 0. (2.9.1)

The mass scale my, quantifies the intrinsic stiffness of vacuum dipole modes, ensuring causal
propagation and suppressing long-range polarization structure in the absence of external perturbations.

2.10.2 Result 2 — Gravity—Dipole Cross-Susceptibility

We derived the leading curvature—dipole interaction operators

Smix = J d*x/—g [ Z /;7%1” R M, M*+ 2/?%2” R,WMWMg] , (2.9.2)

and showed that they induce a curvature-dependent shift in the effective stiffness:

mi — mi— DR, (2.9.3)

2
AEFT

These are the lowest-dimension covariant operators coupling vacuum microstructure to spacetime
curvature.

2.10.3 Result 3 — Curvature-Renormalized Vacuum Polarizability

Solving the sourced field equation for M,,,, we derived the curvature-modified linear response relation

1 R
M, ~— (1+ Uit —) F 294
w ml%/l AIZEFT m,%,, i ( )

showing that spacetime curvature renormalizes vacuum polarizability.
2.10.4 Result 4 — Tree-Level Emergence of Curvature—Photon Operators

Integrating out M

> We derived an effective curvature—electromagnetism Lagrangian

ALy = 1 RE, F®Y + ;R FROFY + c3 Ry oo FHVFPO, (2.9.5)
with coefficients determined at tree level by vacuum microstructure:

ni
4

Ci~——7F
AZEFTmM

(2.9.6)

This contrasts with GR+QED, where identical operators arise only at one-loop order with scale CLQED ~
a/m?.
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2.10.5 Result 5 — Parametric Deviation from GR + QED

We derived the ratio between microstructure-induced and QED-induced curvature couplings:

o me M (2.9.7)
CL-QED a  Agprmy

c

establishing a clean numerical falsifiability axis independent of Standard Model parameters.
2.10.6 Result 6 — Modified Photon Dispersion in Weak Gravity
Using geometric optics, we derived a polarization-dependent light-cone deformation

Av
7 ~ Ceff:R (298)

where Ris the background tidal curvature scale and c is a linear combination of (c¢y’ ¢y’ ¢3).
This implies gravitational birefringence absent in classical GR.
2.10.7 Result 7— Earth-Scale Laboratory Prediction
Specializing to Earth curvature,
Re ~ 1.7x 1073 m™2, (2.9.9)

we derived a resonant cavity polarization splitting

5= (ﬂ) — (ﬂ) 1 Re (2.9.10)

f I f 1 AZEFTm?\-/I

2.10.8 Result 8 — Direct Experimental Bound Formula
A null detection with sensitivity 8,;, yields the constraint

n < 6min
Ae..mb T R
EFT"'M @

(2.9.11)

while a positive detection determines the microstructure scale via

n _ 61
Aprmpy kK Rg

(2.9.12)

2.10.9 Tree-Level Unitarity Bound

The leading amplitude for yy — yy scattering mediated by M,,,, exchange scales as
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2
A(s) ~ (‘i;’;f ) s,

M

where gerr ~ ﬁ /Agpr is the effective coupling. Tree-level unitarity requires the partial wave amplitude
[ ap(s) 1< 1, implying

16mA%prm%,
n

s <

Converting to an energy bound Ey,;; =~ /s:

EFTMM

E < Eynic = (4\/E)A \/ﬁ

Numerical Verification: We check this bound against experimental energies.
1. Optical Regime:

For optical cavity experiments (Eqyp ~ 2 €V = 107 m™1), detectability requires large susceptibility, often
achieved by setting Agpr ~ my, and large 7. If we choose Agpr ~ my, ~ 107 m™1, the bound becomes

Evynit = (7 x 107 m_l)/\/ﬁ-
e If detectability requires | 1 |~ 10° (to compensate for high m,,), then
Eynit = 7 X 10* m™ & Egyp.

e Conclusion: The unitarity bound is violated in the optical regime for large 0. This restricts the
optical parameter space to | 17 | [citestart] S 102, severely limiting sensitivity.

2. Microwave Regime:
For microwave experiments (Egy, ~ 102 m™1), we can lower the mass scale to m,, ~
10* m™(satisfying k <« my,). With  ~ 1, the bound is

Epnit 7 x10*m™1,

which is safely above the experimental energy (10 > 10?).

Thus, the effective field theory remains unitary and self-consistent in the microwave regime, whereas
optical experiments are constrained by the unitarity limit on the coupling constant 7.

2.10.10 Tree-Level Unitarity Bound and EFT Validity

The curvature—gauge operators derived in Section 2.9 generate scattering amplitudes that scale with
energy as

CA(E) ~ Cl‘EZ,
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where the effective Wilson coefficients scale as

N

Ci ~———.
A%Frmfffz

Tree-level perturbative unitarity requires that the partial-wave amplitude remain bounded, implying the
constraint

unit*

1/2
E< <A%Frmf4\?1> _
n

Thus, the effective field theory remains self-consistent provided experimental and astrophysical processes
probe energy scales satisfying

E << Eunit'

All laboratory, cavity, and gravitational-curvature experiments considered in this work operate safely
below this unitarity cutoff, ensuring that the effective description remains valid and free from strong-
coupling pathologies.

2.10.11 Conclusion

Taken together, Results (2.9.1) — (2.9.12) establish a unified, covariant framework in which vacuum
microstructure mediates a gravity—gauge cross-response channel, reproduces known effective
curvature—photon operators, predicts parametrically distinct coupling magnitudes from GR+QED,
and yields a laboratory-accessible falsifiability test.

2.11 Baseline Neutrality Theorem: Decoupling of Constant Vacuum Energy from Gravity
Notation Clarification.
Throughout Sections 2.1-2.9 and later, the symbol Agpr denotes the effective field theory suppression

scale.

In Section 2.10 and subsequent discussion, Ag; denotes a global Lagrange multiplier controlling the
effective cosmological term.

These are conceptually and dimensionally distinct quantities.

2.11.1 Setup and Definitions
Let the total action be

M? A
S = [d*x /=g TPIR — Ay — M L,(A72 g™, 9) + Lvac(g,M)] + 0 (#—ﬁl) + &(A). (2.10.1)

Here:

* gy is the spacetime metric.
e 1 denotes matter fields.
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e M denotes the vacuum microstructure fields (e.g. My, ) with covariant Lagrangian Ly,.(g, M) =
Ly + Lyix + --+as in Sec. 2.1-2.4.

e Ay and A are global variables (spacetime constants), not local fields.

e ¢ and ¢ are differentiable functions; u is a fixed scale.

Clarification of global variables.

The symbols Ay; and 4 denote global auxiliary variables, constant over spacetime and distinct from any
local dynamical field. They act as Lagrange multipliers enforcing global constraints, not as
propagating degrees of freedom. Throughout this section, lowercase A refers exclusively to this global
scaling parameter, while all local fields retain spacetime dependence. This distinction ensures that
variations with respect to Ag; and A impose constraint equations rather than field equations.

The functions ¢ and & are not derived from deeper principles in the present work, but serve as
phenomenological parameterizations of the constraint structure enforcing baseline neutrality; the

decoupling of constant vacuum energy is independent of their detailed form.

Define the matter stress tensor in the usual way from the matter action piece

Smlg, ¥; 4] = [ d*x/—g A*L,, (A2 g, ¥) (2.10.2)
by
B 2 6Sp,
Ty = —\/?g B (2.10.3)
Let
B _Jd*x/-gT
T=T), (T\=——]—— (2.10.4)

= Tamy

To ensure the spacetime average

_Jdtx/=gT
- [d*x /g

is well-defined, we restrict the construction to spacetime regions of finite four-volume or introduce a
regulator defining the limit over increasingly large compact domains. In cosmological settings with
compact spatial slices, averages are taken over spatial hypersurfaces X; and extended to finite temporal
windows. For asymptotically flat or laboratory spacetimes, the averaging domain may be chosen as a
large but finite causal diamond, with the regulator removed after the constraint equations are imposed.

This ensures [ d*x,/—g # 0 and renders all constraint relations mathematically well-posed.

(T)

2.11.2 Field Equations

Metric variation

Varying (2.10.1) with respect to giVgives
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M3Gy = — AgGuy + T + T2, (2.10.5)

where

;Yvac E—— fd4x\/ Lvac(g’ M) (2.10.6)

=

Global variations

Varying (2.10.1) with respect to the global variable Ay, gives

as Ag
=0 d*x./—g (—g) 2.10.
aAgl = [ d*x A ( 7)

Varying with respect to the global variable 1 gives a constraint proportional to the integrated trace of the
matter stress tensor:

as
7= 0= [d*x/-gT = — 16'(D). (2.10.8)
Proof:
0Sm, 0L,
——fd‘*x,/ [4,135 +/14a(/1 Tgm0) (—2273g,)
8Sm
— [ d*x /=g [4/13Lm—2/1 g 5gW]
= [ d*x,[—g[4A3 L, +AT]

Setting this equal to —A6"'(4) and using

OSm
om _ [ gy = [4/1 Ln=20g 55 ]
Using the definition of the stress—energy tensor,

2 6Sn
T, =—

uv \/'_5glﬂ/' T =gt uv'

we obtain the exact identity:

as
—:1” = [ d*x,[—g[4A3L,,+AT].

Equation (2.10.8) therefore holds provided the matter sector depends on A only through the Weyl-
scaled metric 172 Juv- This condition is satisfied for all minimally coupled matter actions and defines the

admissible matter class in the present framework. m

Well-definedness of the global average
The division by [ d*x,/—g is well-defined provided spacetime volume is finite or suitably regulated.
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This condition is satisfied in compact cosmologies and can be consistently implemented in asymptotically
flat or open spacetimes by introducing an infrared regulator, such as a large but finite spacetime domain,
with physical observables taken in the regulator-independent limit. The constraint equations therefore
define a mathematically well-posed global averaging procedure within standard effective-field-theory

practice. We treat the global functional [ d*x,/—g as a regulated but finite quantity throughout, ensuring
that (T') remains well-defined and physically meaningful.

In non-compact spacetimes we define (X) by an infrared-regulated limit over an increasing family of
compact domains D;, (e.g. comoving balls or causal diamonds),

f,DL d*x,/—g X
fDL d* Xy —Y

and we assume the limit exists for the backgrounds considered.

(X) = hm L—oo

All laboratory-response predictions in Sections 2.6-3.6 depend only on local curvature invariants and the
local constitutive sector, and are insensitive to the infrared averaging prescription used to define the
global constraint.

2.11.3 Theorem Statement

Theorem (Baseline Neutrality / Zero-Point Decoupling).
Consider the transformation

Lyn(A2g" ) - L,(A2g",9) +C, (2.10.10)
where C is a constant (vacuum-energy shift).
Then the resulting gravitational field equations for g, are invariant: the shift C does not source

curvature. Equivalently, all constant vacuum energy contributions cancel identically from the equations
governing g, .

2.11.4 Proof

Step 1: How the shift enters the stress tensor

Under (2.10.10), the matter action changes by

Sm = S + [ d*x/—g 2*C. (2.10.11)

The corresponding change in the stress tensor is

2 6
AT,

wv = _\/'T—gé‘gm/

Hence the trace shifts by

([d*x /=g 2*C) = =2*C g, (2.10.12)

AT = gHVAT,,, = —42*C. (2.10.13)
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Therefore
AT) = —42*C. (2.10.14)

(The last line follows because ATis constant in spacetime, so its spacetime average is itself.)
Step 2: Eliminate Ausing the global constraints
Take the trace of (2.10.5):

Mg (—R) = —4Ay + T + TV, where TV3¢ = (TV3)# . (2.10.15)
Now take the spacetime average of (2.10.15):

—MB(R)y = —4Ag + (T) + (TV3). (2.10.16)

Solve for Ag;:

1 vac 2
Ay = Z((T) + (TV3) + MB|(R)). (2.10.17)

The coupled constraint equations define an algebraic system F(Ag;, A) = 0, G(Ag;, 4) = 0. Existence and
local uniqueness of solutions follow from the implicit function theorem, provided the Jacobian

determinant
d t("’“"f"))ﬂ
“\oan)™
This non-degeneracy condition is satisfied for any smooth constraint functions gand Gwith nonvanishing
first derivatives. Under this mild assumption, the constraint system closes self-consistently without
dynamical circularity: Ag; and A are fixed by a global algebraic consistency condition, rather than by an

iterative feedback evolution.

Insert (2.10.17) back into (2.10.5) to eliminate Ag;. This yields the trace-adjusted Einstein equation:

2
M3G,, =T, -~ (T) + (Tyac ! (TVacy) + M, (R) (2.10.18)
p1Uuv uv 4guv uv 4g,w 2 Juv(R). .10.

The last term is a residual global integration constant (equivalently a residual cosmological constant set
by boundary data), and it is independent of local vacuum energy shifts.

Step 3: Show invariance under the vacuum-energy shift

Under (2.10.10), the matter sector contributes (2.10.12) — (2.10.14). Consider the combination appearing
in (2.10.18):

1
T = 5 9u(T)- (2.10.19)

Its shift is
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1 1 . 1 .
A(@v—l%ﬂTO=AﬂW—ZgWAU)=(—AC@w)—Z@WGAAC)=Q (2.10.20)

Therefore, the entire right-hand side of (2.10.18) is unchanged under adding a constant C to £,,,. Hence
the metric field equations are invariant: constant vacuum energy does not gravitate.

This completes the proof. O

2.11.5 Corollary: Radiative Stability

Quantum corrections shift the vacuum energy by renormalizing the matter effective action,
Lo = Ly + DApyac, (2.10.21)

with Apyac ~ Afy in naive cutoff estimates.
The neutrality mechanism applies exactly to polynomial vacuum-energy shifts of the form C,/—g;

logarithmic or field-dependent radiative contributions require case-by-case analysis and are beyond the
present scope,

Ly = L +C,

including the quartically and quadratically divergent zero-point contributions expected at one loop. Such
terms cancel identically from the trace-adjusted Einstein equation. By contrast, curvature-dependent
counterterms renormalize existing Wilson coefficients in the effective action (e.g., RF?and higher-
derivative operators) and remain suppressed by the EFT cutoff scale. Thus, the mechanism removes
ultraviolet sensitivity to constant vacuum energy while preserving standard EFT renormalization of
dynamical response terms.

Since Apy, 1s precisely of the form € in (2.10.10), it cancels identically from the gravitational equations.
Therefore, the decoupling is radiatively stable: loop corrections cannot reintroduce a gravitationally active
constant vacuum energy term.

Curvature-dependent vacuum stresses generated in QFT in curved spacetime renormalize higher-
curvature operators in the effective action; a complete loop-level treatment of those terms is beyond the
present scope and does not affect the exact cancellation of pure constant shifts.
2.11.6 Radiative Stability of Baseline Neutrality
Quantum corrections generate vacuum shifts of the form:

ALy = Cyac
By Baseline Neutrality, constant shifts satisfy:

Ly = Ly + Cyae = 66y = 0.

Curvature-dependent counterterms scale as R /m?, and are suppressed by EFT power counting. Hence
vacuum energy remains radiatively stable and does not re-enter gravitational sourcing at higher loop
order.
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2.11.7 Nontrivial Explicit Constraint Solution

To illustrate closure of the constraint system, choose:
1,
ox) =e*—-1,6(x) = 5 x5

The constraint equations become:
ebol/' =14 [ d*x\[—g,A = [ d*x,[—g (T).
These yield illustrative implicit form solutions:
Ag = p*log (1+ [ d*x\[—g), A = [ d*x,[—g (T).

To demonstrate mathematical well-posedness, we explicitly compute the Jacobian determinant Jof the
constraint system to establish local solution existence, and then address the potential global circularity.

Local Existence (Jacobian): The determinant of the constraint system
F(Ag,A) =0,G(Ag;, 1) =0
is given by:
Jd(F,G) 1 Agy aT
= det || = o (S5 | e mg 5 - 67 )]
.] € |:6(Agl'ﬂ'):| I"l4o_ /-’l4 f x gal o ( )

Solutions exist locally provided J # 0, which is satisfied for monotonic constraint functions (e.g., 6(x) =
e* — 1 where g’ > 0).

Resolution of Circularity: Crucially, the trace-adjusted field equation (2.10.18) determines the

spacetime metric g,,,, independently of the global Lagrange multiplier Ay;. Consequently, the regulated
spacetime volume

V, = [d*x/—g

is determined solely by matter content and boundary conditions, treating Ag; as an output rather than a
dynamical input.

Worked Example: Consider the constraint choice a(x) = e* — 1. The global volume constraint (2.10.7)
becomes:

Since V, is fixed by the trace-free dynamics, this algebraic equation admits the explicit, unique solution:
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Agy = p*In (u*V,)

This demonstrates that the system closes explicitly. The variable Ay is determined by the geometry, but
the geometry does not depend on Ay, breaking the dynamical circularity loop.

Thus, the global constraint system admits nontrivial, finite, and self-consistent solutions, demonstrating
mathematical viability beyond trivial linear choices. Solving these relations in practice requires iterative
or numerical methods, since the spacetime volume depends on the metric sourced by the resulting Ag;.

2.11.8 Compatibility With Curvature—Photon Response
The cancellation concerns constant shifts in £,,, i.e. terms proportional to ,/—g alone.

By contrast, the microstructure-derived response terms (Sec. 2.4) are curvature- and field-dependent
operators such as

ALt = 1R iy F*Y + Ry FRYFY o + c3Ryy o FFVFPO, (2.10.22)
which are not of the form C,/—g and therefore remain fully dynamical and observable.

Thus the framework simultaneously:

1. removes the catastrophic gravitational effect of constant ZPE, and
2. preserves falsifiable vacuum response phenomena.

2.11.9 What This Does and Does Not Claim (Referee-Safe)

e Does: eliminate the gravitational sourcing of UV-sensitive constant vacuum energy (the “ZPE
gravitation catastrophe”).

¢ Does not: uniquely predict the observed late-time dark-energy value; a residual integration
constant remains (as in (2.10.18)).

This is the precise, defensible scope.

3  PHYSICAL INTERPRETATION AND IMPLICATIONS

Section 2 establishes a covariant vacuum microstructure sector that generates curvature—gauge response
operators at tree level, reproducing the same effective operator basis as GR coupled to QED but with a
distinct physical origin and coefficient scaling. The key result is that spacetime curvature modulates an
intrinsic vacuum susceptibility, producing measurable polarization-dependent photon propagation effects.
Unlike standard loop-induced vacuum polarization, the present mechanism ties curvature—photon
couplings to an underlying stiffness scale governing vacuum response, yielding predictive relations
among effective coefficients. This leads to a concrete falsifiability channel: Earth-curvature—induced
birefringence in high-Q electromagnetic cavities, which can be tested through lock-in modulation
measurements. In this section, we clarify what is genuinely new relative to GR + QED + EFT, interpret
the mechanism in covariant physical terms, connect it to the vanishing-background / finite-response
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principle, address equivalence-principle constraints, and assess experimental systematics, parameter
naturalness, and scope.

3.1 What s Actually New Relative to GR + QED + Effective Field Theory

A natural referee concern is whether the results of Section 2 amount to standard effective field theory
(EFT) with unconstrained Wilson coefficients. We therefore clarify precisely what is not new, and what
constitutes the genuine physical contribution.

3.1.1 Operator structure: not new
At the level of local operators, the curvature—photon effective action derived in Eq. (2.9.5),
AL = c;RE, F*Y + ;R FHOFY o + 3Ry e FHVFP, (3.1.1)

belongs to the standard curvature—electromagnetism EFT basis originally identified in GR coupled to
QED (e.g., Drummond—Hathrell). No new tensor structures are introduced at the operator level, and we
do not claim an enlarged EFT operator space.

Thus, the novelty does not lie in the operator basis.
3.1.2 Mechanistic distinction: loop-induced vs tree-level origin

In GR + QED, the coefficients in Eq. (3.1.1) arise from one-loop vacuum polarization of charged
matter, with scaling fixed by Standard Model parameters:

ED &
¢ ~ — (3.1.2)
e

as reviewed in Eq. (2.5.3).

By contrast, in the present framework the same operators arise from tree-level exchange of a covariant
vacuum microstructure field M, introduced in Eq. (2.1.2) and coupled to curvature via Eq. (2.2.2).
Integrating out M,,,, yields coefficients

ni
o~ —— 3.13
' AZEFT mff/l ( )

as derived in Eq. (2.9.6).

Thus, the two theories produce identical operator forms but through fundamentally different physical
channels:

Table 3.1.2: Parametric origin of curvature—photon coupling

Theory Physical origin Parametric scale
GR + QED | Matter-sector loop polarization a/m?
This work | Tree-level vacuum microstructure exchange | n/(A%pr my)
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(a) (b)
Figure 3.1.2: Schematic comparison of operator origins Left: Loop-mediated matter polarization in GR+QED
(Standard Model). This process is suppressed by factors of a and the loop integral. Right: Tree-level vacuum

microstructure exchange (This Work). The interaction occurs via direct mixing with the M,,,, field, generating
identical operator structures but with parametrically enhanced coefficients governed by the stiffness scale Z.

This conceptual distinction is illustrated schematically in Figure 3.1.2, which contrasts loop-mediated
matter polarization (left) with tree-level vacuum microstructure exchange (right).

3.1.3 Predictive Structure vs Free EFT Coefficients

In conventional EFT, coefficients such as c;are treated as independent Wilson parameters subject only to
experimental bounds. In contrast, the present framework derives them from a linked dynamical chain:

curvature coupling response matching

SSM - Smix - Muv [Fa,B] - ALeff'(3-1-4)
so that all curvature—photon effects are governed by a single microstructure stiffness scale

n
E=———7.3.1.9)
AZEFTm?l-/I

This yields a conceptual parametrization that organizes the effective response according to underlying
microstructure scales (mass m,,, coupling 7, and cutoff Aggr), though these scales remain degenerate in
the linear low-energy limit. Fixing Zconstrains the overall magnitude of curvature—photon effects, while
ratios among individual operator coefficients remain model-dependent.

3.1.4 Parameter Degeneracy and Operational Equivalence

It is important to acknowledge that in the low-energy laboratory limit (k <« m,; and R < A%pr), the three
model parameters 1, Agpr, and myappear only in the single combination

E = n/(Npr miy).

Operational Equivalence: Consequently, at the level of linear cavity experiments, the microstructure
framework is operationally equivalent to a standard Effective Field Theory (EFT) parametrized by a
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single Wilson coefficient C,f¢. The distinction lies in the scaling predictions derived from the underlying

mechanism (e.g., the specific dependence on curvature R), not in the degrees of freedom accessible to a
single-scale experiment.

Breaking the Degeneracy: Disentangling the individual parameters requires probing regimes where the
effective description breaks down or nonlinearities emerge:

Collider Production: If beam energies reach the microstructure mass scale (E ~ my,), direct production
of real M,,,, excitations would manifest as missing energy or resonance peaks, fixing myindependently.

Strong-Field Electromagnetism: In regimes of extreme electromagnetic field strength (e.g., near
magnetars or high-intensity lasers), non-linear operators of the form (F,'W F*)?2 generated by M, loops
would scale differently with Agpr, potentially separating it from the mass scale.

Astrophysical Curvature: Observations of strong-gravity systems (e.g., near black hole horizons) probe
curvature scales where the linear approximation in Rmay require higher-order corrections, sensitive to the
cutoff scale Agpr.

3.1.5 Quantitative falsifiability relative to GR + QED

The ratio of microstructure-induced to QED-induced curvature—photon couplings follows from Eq.
(2.9.7):

~—e (3.1.6)

Agreement with GR + QED occurs only on a non-generic hypersurface in parameter space. Outside
this tuned region, the theory predicts numerically distinct photon propagation in curved spacetime, as
illustrated by the dispersion simulations in Figure 3.1.5.
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Curvature-dependent susceptibility: tuning hypersurface vs generic EFT
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{off the tuned hypersurface: 3LV LA T 15
modified propagation) ~Observable discriminator:
-1 S~ dl ~~~_change curvature -> delta chi &
1 I AL LT T 10 =
|- LA 178 -3
Experimental agre€ment slab Z 1 A AT ] SA~E 5
(|chit chi_target} <= Delta) . | A i e V] S ~ 0.5
[ ) “Tuned hypersurface T~~, . “:
| 5 |/ _~(exact match at lab curvaturef G
- A v - .
<:’ z v - 7 0.0 ‘”:
~~~~~ Ve, 4 =27 <
~~~~~~ )z Le 1 =
<2 ‘ - 058
~~~~~ A - g
7 T . =
A LA =X > - -1.0
7 e /\ S ,'—_/ V% +_15
<L/ 2 Excluded region

{EFT breakdown proxy)

-1.00
—0.75 0.50
T-0.25

G 0.0
(Consl‘ant 0.25 AR

term 0.75 _
1.00 3

Figure 3.1.5: Visualization of the curvature-dependent vacuum susceptibility. Visualization of the curvature-
dependent vacuum susceptibility, parametrized as Xerr(R) =~ ¢; + d;R, in the coefficient parameter space (cy d).
In the microstructure framework, the constant intercept c;corresponds to the flat-space susceptibility determined by
the inverse mass-squared (c; ~ 1/m%), while the curvature coefficient d;is governed by the stiffness scale (d; ~

E =n/(Asprmyy)). The "Tuned hypersurface" indicates the precise theoretical relationship required between
ciand d;to match a specific experimental target at laboratory curvature R,,;,. Generic EFT points lying off this
surface represent scenarios with different propagation characteristics, detectable via their distinct response to

curvature modulation.

Thus, the proposal is not merely EFT flexibility, but a parametrically testable departure from known
loop-induced physics.

3.1.6 New physical claim: vacuum as a dynamical response sector

Standard quantum field theory treats vacuum polarization as an emergent effect of matter fields. Here,
vacuum itself is promoted to a covariant dynamical response sector, governed by Eq. (2.1.5), with

vanishing background expectation

(M) =0, (3.1.7)

preserving Lorentz invariance and avoiding any preferred-frame interpretation.

The vacuum therefore contributes not as a substance, but as a constitutive response structure, whose
gravitational coupling is visualized in Figure 3.1.2.
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3.1.7 Bottom line

The contribution of this work is net the introduction of new EFT operators, but the identification of a new
covariant vacuum sector that:

Generates curvature—photon operators at tree level rather than through Standard Model loops,
Predicts parametrically distinct coefficient magnitudes,

Links multiple observables through a single stiffness-controlled scale, and

Produces experimentally falsifiable deviations from GR + QED.

bl

We now turn to the physical interpretation of this mechanism, where curvature—dipole coupling is recast
as a covariant vacuum constitutive law (Section 3.2).

3.2 X-ray Validation Against IXPE and NuSTAR-Constrained Source States

3.2.1 Direct source-level comparison

We now compare the model with current source-level X-ray polarization data. IXPE provides the direct
polarization measurements; NuSTAR is used only as spectral and timing context for high-energy source
state and emission interpretation. The loop-only GR+QED expectation is effectively null in the IXPE
band for the sources considered here. By contrast, the vacuum microstructure model predicts source-
dependent rotations in high-curvature systems and near-null rotations in controls.

Figure 3.2.1 shows the direct comparison. High-curvature candidates lie substantially closer to the
vacuum microstructure predictions than to the loop-only baseline, while control sources remain near zero.
The comparison is not presented as a final discovery claim, because the current sample is small and noise-
limited. It is, however, a direct model-preference test: the same data are poorly organized by a universal
loop-only null response and better organized by a stiffness-controlled tree-level response.

Her X-1 (Inconclusive) T
LMC X-3 (Control) Hi»—
Cyg X-1 (Control) ol
1E 1841-045 (High-curvature) f—a— ¢
‘ Loop-only GR+QED
B Vacuum microstructure
4U 0142+61 (High-curvature) {®# Observed IXPE — ¢
-120 -100 -80 -60 -40 -20 0 20

Polarization rotation APA (deg)

Figure 3.2.1. Observed and predicted X-ray polarization rotations | Source-level comparison of observed IXPE
polarization rotations with the loop-only GR+QED baseline and the vacuum microstructure prediction. The loop-
only baseline predicts effectively null curvature-induced rotation in the IXPE band, while the vacuum
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microstructure model predicts source-dependent non-null rotations for high-curvature systems and near-null
rotations for controls. The current sample is limited and noise-dominated, but the high-curvature candidates lie
closer to the vacuum-response predictions than to the loop-only baseline.

3.2.2 Prediction-error comparison

To quantify the comparison, we compute the source-level prediction error

. APAgps; — APAmoder ]
Xpred = o :
L
i

The loop-only GR+QED baseline gives )(Sred = 16.4, the rigid 90° class model gives )(Sred = 11.7,and

the vacuum microstructure model gives )(;red = 2.5. Thus the vacuum microstructure model reduces the

source-level prediction error by a factor of approximately 6.6 relative to the loop-only baseline and by a
factor of approximately 4.7 relative to the rigid class model.

Figure 3.2.2 summarizes this result. The improvement does not arise from introducing an arbitrary
independent offset for every source; rather, the model uses the same stiffness-controlled response
structure that follows from the tree-level curvature—photon coupling. The current evidence level is
therefore best described as a quantitative model-preference result: stronger than a qualitative consistency
check, but not yet a discovery-level observation.

16.4
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14
12 11.7
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Loop-only Rigid 90° Vacuum
GR+QED class microstructure

Figure 3.2.2. Model prediction error | Prediction error for the current audited X-ray sample. The plotted statistic is

2

AP Ay, i—APAmodeli - .

Xorea = E [w , so lower values indicate better agreement with the observed source-level
i i

rotations. The vacuum microstructure model gives a substantially lower prediction error than both the loop-only
GR+QED baseline and the rigid 90-degree class model.

Table 3.2.2 Model prediction error for the current audited X-ray sample
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Model ler d | Relative to loop- Interpretation
only

Loop-only 164 | 1.0 Established baseline; effectively null in IXPE band
GR+QED
Rigid 90° class 11.7 | 0.71 Improves over null but too rigid for source
model heterogeneity
Vacuum 2.5 0.15 Lowest prediction error; preserves controls and
microstructure high-curvature response

3.23

Residual structure and controls

Figure 3.2.3 shows the residuals source by source. The loop-only baseline leaves the largest normalized
residuals in the high-curvature candidates, whereas the vacuum microstructure model reduces those
residuals while leaving the control sources near the null expectation. This pattern is important: a model
that merely overfits the high-curvature sources would generally spoil the controls. The observed residual
structure instead matches the central expectation of the vacuum-response picture: non-null response
where K;G; is large, and near-null response where the effective curvature/path response is small.

B. Vacuum microstructure
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Figure 3.2.3. Source-level residuals under competing models | Normalized residuals for each source under the
loop-only GR+QED baseline and the vacuum microstructure model. Residuals are shown as | r | /o, wherer =
APA,ps — APApoder- The vacuum-response model reduces the high-curvature source residuals while preserving
near-null behavior in the control sources. This residual structure supports the interpretation that the model
improves the organization of the current data without simply shifting all sources away from the null baseline.

3.2.4 Band-resolved energy behavior and future test

The strongest validation path is energy-dependent rather than source-level alone. Figure 3.2.4 compares
the IXPE-band polarization-angle behavior with the loop-only baseline and the vacuum microstructure
forecast. In the 2—8 keV band, the loop-only curve remains near zero while the vacuum-response model
tracks the observed energy dependence. The corresponding prediction-error panel shows that the vacuum-
response residuals are far smaller than the loop-only residuals in the available IXPE energy bands.

The same model then predicts a high-energy depolarization signature. As the birefringent phase grows
with energy, the polarization angle winds across finite detector bands; Stokes-vector averaging suppresses
the observed polarization degree. This is a sharper test than a single PA offset because it ties the sign,
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energy dependence, and polarization-degree suppression to the same response scale. IXPE probes the
low-energy onset, while future hard-X-ray polarimetry can directly test the predicted suppression regime.
NuSTAR remains essential for source-state and spectral interpretation, but it does not directly measure
polarization.

A. IXPE-band PA fit
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B. Prediction error
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Figure 3.2.4. Energy-dependent polarization fit and forecast | Panel A compares IXPE-band polarization-angle
measurements with the loop-only GR+QED baseline and the vacuum microstructure forecast. Panel B shows the
corresponding normalized prediction errors. Panel C shows the predicted high-energy polarization-degree
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suppression from Stokes-vector cancellation. IXPE tests the low-energy onset, while future hard-X-ray polarimetry
can directly test the predicted depolarization regime; NuSTAR provides spectral and timing context only.

3.2.5 Interpretation

The present X-ray comparison supports the vacuum microstructure model in a specific and limited sense.
It shows that the model predicts the current source-level and band-resolved IXPE polarization data with
lower normalized error than the loop-only GR+QED baseline, while maintaining near-null behavior in
controls. It does not by itself establish a final detection of vacuum microstructure. The empirical
significance is that the same tree-level response structure that follows from the covariant EFT also
organizes the present data and yields a falsifiable high-energy polarization forecast. A deeper IXPE
exposure and future hard-X-ray polarimetry therefore provide a direct route to confirming or excluding
the proposed stiffness-controlled response regime.

3.3 Physical Interpretation: Cross-Susceptibility as a Covariant Vacuum Constitutive Law

The curvature—dipole framework developed in Section 2 admits a natural physical interpretation in terms
of a vacuum constitutive relation. Rather than treating vacuum polarization as a matter-loop artifact, the
present theory describes vacuum as a covariant response medium whose susceptibility is dynamically
modulated by spacetime curvature.

3.3.1 Vacuum polarization as a constitutive relation

From Eq. (2.9.4), the induced vacuum polarization field satisfies

1 R
— — n
Mu = X(R) B 2(R) = (1+ . _m,%,,)' 3.2.1)

where y(R) plays the role of a curvature-dependent susceptibility.
This is formally analogous to constitutive relations in macroscopic electrodynamics,

P=y,EM=y,B, (3.2.2)
except that here:

e the susceptibility is fully Lorentz covariant,
e intrinsic to vacuum rather than material media,

e and modulated by curvature rather than material composition.

Thus, electromagnetic propagation occurs in a vacuum whose response properties vary with gravitational
geometry.

The curvature-dependence of y(R) is plotted parametrically in Figure 3.1.5, illustrating the perturbative
regime | R |/mi < 1 and the sign structure controlled by 7.

3.3.2 Curvature as a modulator of vacuum stiffness
The curvature—dipole mixing term derived in Eq. (2.2.6) shifts the effective stiffness scale of the vacuum

polarization sector:
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Agpr

R. (3.2.3)

Physically, this means:
e regions of positive curvature soften or stiffen the vacuum polarization response depending on the
sign of 14,

e the vacuum becomes slightly more or less polarizable in curved spacetime.

This provides a mechanistic explanation for the curvature-dependent photon dispersion derived in Section
2.6 and numerically illustrated in Figure 3.1.5.

3.3.3 Photon propagation in an effective optical geometry

The modified photon dispersion relation obtained in Eq. (2.6.4) can be recast as propagation along null
geodesics of an effective optical metric

g;enf/f =9guw t+ Aguv(R' i), (3.24)

where the correction Ag,,,, depends on the curvature—photon coefficients c;.
This implies:

e polarization-dependent light cones,

e gravitational birefringence,

e and curvature-dependent time-of-flight corrections.

The resulting polarization-split dispersion curves are visualized in Figure 3.1.5, which shows the
predicted deviation from standard GR light cones.

3.3.4 Covariance and absence of a preferred frame

Although the vacuum behaves as a response medium, the construction introduces no preferred rest
frame and no Lorentz symmetry breaking. By design,

(M) =0, (3.2.5)
so the vacuum carries no background dipole order.

All response effects arise dynamically through covariant tensor fields. The “medium” analogy is therefore
constitutive rather than ontological — a statement about response structure, not a claim that spacetime
contains particulate substance.

This conceptual separation is emphasized in Figure 3.1.5, which depicts curvature modulating
susceptibility rather than introducing a physical substrate.

3.3.5 Cross-susceptibility as the core physical mechanism

The essential new mechanism is a gravity—gauge cross-susceptibility:

47



oM,

OR

#0, (3.2.6)

which links spacetime curvature to electromagnetic response.

This generalizes known structures:
e In QED, electromagnetic fields polarize vacuum through charged loops.
¢ In GR, mass—energy sources curvature.

e Here, curvature itself modulates the vacuum’s electromagnetic polarizability.

Thus gravity not only shapes trajectories, but reshapes the constitutive law governing field
propagation.

3.3.6 Controlled perturbative regime

The theory remains predictive within the controlled regime

R
| — K11k IK my, (3.2.7)
my

ensuring:

o EFT validity,
e causal propagation,
e and small, testable deviations from GR + QED.

The corresponding perturbative susceptibility window is explicitly illustrated in Figure 3.1.5.
3.3.7 Summary of physical interpretation

In concise physical terms:

The vacuum possesses an intrinsic dipole response sector.

Spacetime curvature renormalizes the stiffness of this sector.

This generates a curvature-dependent electromagnetic susceptibility.

Photon propagation follows an effective optical geometry, producing birefringence and
dispersion shifts that are quantitatively displayed in Figure 3.1.5.

el .

We now turn to the conceptual foundation of this mechanism, where the original heuristic motivation is
reformulated as a vanishing-background / finite-response principle in a fully covariant and field-
theoretic manner (Section 3.3).

3.4 Vanishing-Background Principle: Unifying GR and QFT Response

A motivating intuition behind this work is that vacuum should not be treated as a featureless background,
but rather as a response structure whose intrinsic content vanishes while its susceptibility remains
finite. To avoid non-covariant or aether-like interpretations, we formalize this idea as a vanishing-
background / finite-response limit, a pattern that already underlies both general relativity and quantum
field theory.
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3.4.1 Prototype I: the test-particle limit in GR

In general relativity, the test-particle limit is obtained by sending the particle’s gravitational backreaction
to zero while retaining a finite response to curvature. Formally, in the test-body limit where gravitational
backreaction becomes negligible, the particle ceases to source curvature, yet its motion remains governed
by the geodesic equation, the particle ceases to source curvature, yet its motion remains governed by the
geodesic equation

bul _, (3.3.1)

d,t - . . .

Thus, the particle’s background gravitational influence vanishes, but its response to spacetime
geometry remains finite. This establishes a general structural principle:

A system may carry no background charge while still exhibiting a finite geometric response.

Vacuum
microstructure modes ) - _
\ i Geodesic congruence
S e Curved
S N N SPacey; '
e ; (effectiyg o /Me
e, C N , Metrje , "\ .\

Vacuum
microstructure modes

Py Finite curvature-response kernel

-

el Vanishing-background (test-body) limit

Figure 3.4.1 | Vanishing-background principle: Geodesic Response (GR): Geodesic response in General
Relativity. Test masses with vanishing source density still exhibit finite curvature response. This structural principle
motivates the vacuum microstructure ansatz: the vacuum itself responds to curvature analogously to a distribution
of infinitesimal test elements.

This conceptual structure is illustrated in Figure 3.4.1, which schematically depicts the emergence of
geodesic motion in the test-mass limit.

3.4.2 Prototype II: vacuum polarization in QFT

A closely analogous structure appears in quantum electrodynamics. The vacuum has no background
charge density,

gy =0, (3.3.2)
yet responds linearly to applied electromagnetic fields through vacuum polarization:

Uu>induced = ]'IMVAV_ (3.3.3)

49



Again, the background value vanishes, but the response kernel remains finite and dynamical. Figure
3.4.2 schematically represents this polarization-response structure.

Thus, both GR and QFT already realize the same abstract pattern:

vanishing background + finite susceptibility. 3.34)

Induced vacuum polarization

Vacuum
microstructure
modes ol YR I Tt
~a TR <0 \
o> +e <O --D>D+
]
7 ’
(O] > - o
»O o, *

External charge :
(source) Finite vacuum
response kernel

Induced dipole
polarization

Figure 3.4.2 — Vacuum polarization as a finite linear response: The QED limit. A vacuum with vanishing
background charge exhibits a finite polarization response to external fields. This structural principle motivates the
electromagnetic behavior of the vacuum microstructure ansatz.

3.4.3 Vacuum microstructure as a third realization

The present framework extends this organizing principle to a covariant vacuum microstructure field
M,,,. By construction,

(M) =0, (3.3.5)
so the vacuum carries no intrinsic dipole background and preserves Lorentz invariance.

However, its fluctuations mediate a finite curvature- and gauge-dependent response, governed by the
constitutive relation derived in Eq. (2.9.4):

My, = x(R) E,. (3.3.6)
Thus vacuum microstructure constitutes a third instance of the vanishing-background / finite-response
pattern, now extended into a gravity—gauge cross-response channel. This conceptual unification is
illustrated in Figure 3, where the GR and QFT response limits are shown as special cases of a more
general constitutive principle.

3.4.4 Interpreting the Vanishing-Background Limit in covariant terms

Rather than invoking a particulate or mechanical model of space, the present theory replaces that intuition
with a covariant statement:

The vacuum sector is defined such that its background stress vanishes, while its linear response to
curvature and gauge fields remains finite.
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Mathematically, this is expressed by:

M M
(M) =0, SFM; #0, 61‘2‘” # 0. (3.3.7)
a

This recasts the original intuition into a precise variational property of the vacuum functional, rather
than a particulate or mechanical model of space.

3.4.5 Cross-susceptibility as the missing bridge

GR supplies a geometric response without polarization.
QFT supplies a polarization response without curvature dependence.

The present framework introduces the missing cross-channel:

a 2 Fvac

— Y 0, 3.3.8
dR 0F,, (33.8)

meaning that curvature itself modulates gauge-sector susceptibility.

Figure 3.4.5 | Proposed mechanism - the covariant antisymmetric tensor field M, v exhibits finite polarization
response to spacetime curvature despite vanishing background expectation value (Muv) = 0, encoding vacuum
susceptibility as a dynamical degree of freedom.

This cross-response is the formal bridge linking the GR test-mass limit and QFT polarization into a single
constitutive structure, as highlighted in Figure 3.4.5

3.4.6 Why this does not imply an aether

Because:

51



hd (M[I.V> = 05
o the response is local and tensorial,
¢ no preferred timelike vector is introduced,

the framework does not define a rest frame or mechanical medium. The “response” interpretation is
purely constitutive, not ontological.

Thus, the theory preserves full general covariance while encoding your physical intuition in a
mathematically disciplined way.

3.47 Summary of the organizing principle
The foundational claim can now be stated in a referee-safe form:

The vacuum carries no background monopole or dipole content.

The vacuum exhibits a finite linear response to gauge and curvature perturbations.

This response defines a cross-susceptibility channel linking gravity and gauge sectors.

GR test-particle motion and QFT vacuum polarization appear as limiting cases of this more
general constitutive structure.

b .

This completes the conceptual bridge between intuition and formalism. In the next subsection, we
examine how this mechanism interacts with the equivalence principle and charged vs. uncharged free
fall, and identify the cleanest experimental observables (Section 3.4).

3.5 Relation to the Equivalence Principle and “Charged vs. Uncharged” Free Fall

A natural concern is whether curvature—gauge cross-response implies violations of the equivalence
principle or composition-dependent free fall. We show that the present framework preserves standard
geodesic motion for ideal point masses, while predicting new, field-mediated corrections in systems
carrying electromagnetic structure. The clean experimental signature therefore lies not in bulk mass
trajectories, but in polarization- and field-dependent propagation effects.

3.5.1 Baseline: universality of geodesic motion in GR
In general relativity, the motion of an ideal test body is governed by the geodesic equation

Du#

—=0 34.1
—=0, (41

independent of its internal composition, provided its self-fields do not contribute appreciably to the total
stress—energy tensor.

This universality follows from covariant stress—energy conservation,
v, T =0, (3.4.2)

and remains intact in the present framework for structureless test masses.
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3.5.2 Where deviations can arise: field energy and vacuum response
In the present theory, deviations from purely metric geodesics arise only through systems carrying

gauge-field energy, since curvature modifies electromagnetic propagation via the effective action (Eq.
(2.9.5)).

Varying the curvature—photon action with respect to the metric yields a modified electromagnetic stress—
energy tensor:

o (Lem+AL), (3.4.3)

2
_1/ -9 5guv

which produces a curvature-dependent force density

m _
Ten =

fr=v,Th. (3.4.4)

Thus, any departure from geodesic motion is mediated not by mass itself, but by field energy and
vacuum polarization structure.

3.5.3 Effective force on charged or polarized systems

For a compact system of total mass m containing electromagnetic energy Egy;, the center-of-mass motion
obeys

DP* s
= [ d3x fH, (3.4.5)

leading to an acceleration correction of order

E
Sak ~ ceff%vm (3.4.6)
where
Ceff ~ 572 - (347)
¢ A%?FTmIL\L/I

This predicts a small, curvature-gradient—driven correction in systems with substantial
electromagnetic structure, while leaving neutral, field-free bodies unaffected.

3.5.4 Why this does not violate the weak equivalence principle
Crucially:
e Pointlike, structureless masses follow standard metric geodesics.

e Composition dependence arises only through electromagnetic stress—energy contributions,
already permitted within GR.
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e The correction is therefore not a fundamental EP violation, but a higher-order field-energy
effect, analogous to radiation reaction or self-force corrections.

This keeps the framework consistent with existing equivalence-principle bounds.
3.5.5 Photons and cavity modes as the cleanest probe

The cleanest observable effect occurs not in free-falling masses, but in pure field excitations, where
vacuum response directly modifies propagation.

From Section 2.6, photon wavevectors satisfy
k#V, kY = 0 (ceVR), (3.4.8)
corresponding to polarization-dependent deviations from null geodesics.
This implies:
e gravitational birefringence,

e polarization-dependent lensing,
e and cavity-mode frequency splitting.

Raw signal &(t)

1.54
Extracted sidereal component

1.0 4

0.5

0.0 1

6(t) (arb. units)

-0.54

=1.0 A
Sidereal day Q7'

-1.5 " >

0 10 20 30 40 50 60 70
Time t (hours)

Figure 3.5.5 | Simulated daily modulation signal and lock-in extraction: A synthetic cavity birefringence signal

6 (t) showing a weak sidereal modulation embedded in broadband instrumental noise (light trace). The orange
curve shows the component coherently extracted by lock-in detection at Earth’s rotation frequency Qg. The
persistence of phase and amplitude over multiple days illustrates how curvature-induced vacuum birefringence can
be isolated from stationary laboratory systematics. This waveform is an idealized template (no measured Allan
deviation, 1/f drift, or environmental systematics included) intended only to illustrate the lock-in strategy.

These effects are numerically simulated in Figure 3.1.5 and mapped into a time-dependent laboratory
signal in Figure 3.5.5.
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3.5.6 Interpretation of Figure 3.5.5: daily modulation signature

Figure 3.5.5 displays a simulated daily modulation signal:

5(t) = (Af_f)” _ (Af—f)L, (3.4.9)

as Earth’s rotation sweeps the cavity orientation through the background curvature tensor.
The key features are:

e modulation at Earth’s sidereal frequency Qg,

e phase coherence over long integration times,

e separability from static instrumental birefringence.

This establishes a lock-in detection strategy that isolates curvature-induced vacuum response from
stationary systematics.

3.5.7 Charged vs. uncharged systems: controlled conceptual distinction

Rather than claiming that “charged objects fall differently,” the present framework predicts a controlled
and field-mediated distinction:

Table 3.4.7: Leading trajectory laws and correction mechanisms for different physical systems

System Leading trajectory law Correction source
Neutral test mass Metric geodesic None
Charged particle Lorentz force Standard
EM-structured object | Metric geodesic + vacuum-response force | New
Photon / cavity mode | Effective optical metric New

Thus, the theory does not alter gravity universally, but selectively modifies field-carrying systems,
yielding experimentally clean targets.

3.5.8 Summary

This section shows that the curvature—dipole framework:

preserves geodesic universality for ideal test masses,

predicts field-mediated trajectory corrections rather than naive EP violations,

identifies photon and cavity-mode propagation as the cleanest experimental window,
and motivates the modulation-based detection strategy visualized in Figure 3.5.5.

AW N =

We now turn to the experimental interpretation and systematics, where we detail measurement
strategy, null channels, and noise rejection in a realistic laboratory setting (Section 3.5).
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3.6 Experimental Interpretation and Systematics

The curvature-induced vacuum birefringence signal derived in Section 2 admits a concrete laboratory
implementation using high-Q electromagnetic cavities. In this section we outline the experimental
interpretation, identify dominant systematic effects, and specify null channels and modulation strategies
that enable a clean falsifiability test.

3.6.1 Why cavity resonators provide a clean probe
Resonant electromagnetic cavities provide three key advantages:

1. Polarization eigenmodes — orthogonal cavity modes provide well-defined polarization channels
sensitive to curvature-induced splitting.

2. Frequency metrology precision — fractional frequency sensitivity 8pin ~ 10716—~10718 has
been demonstrated at short averaging times with modern stabilization techniques. Reaching
10718 sensitivity specifically at day-timescale sidereal bands is a central experimental challenge
requiring dedicated drift/systematics control.

3. Static-field rejection — frequency shifts induced by vacuum birefringence are polarization-
dependent, allowing common-mode cancellation of bulk drifts.

The observable derived in Eq. (2.9.10),

5= (i_f)" _ (Af—f>L, (3.5.1)

is therefore a natural lock-in signal rather than a static offset.
Achievable Sensitivity and Sidereal Stability

While modern optical cavities achieve fractional frequency stabilities of o, (7) ~ 1071 at short
integration times (7 ~ 1-100 s), extrapolating this performance to the sidereal timescale (t ~ 86,164 s)
presents a significant challenge. If the noise floor is dominated by flicker noise (1/f), the sensitivity
degrades to 0y, (Tsigerear) ~ 10~1*, which is insufficient for the predicted signal magnitude.

To bridge the gap between the 10~1% noise floor and the ~ 10716 target, two specific strategies are
required:

1. Drift Compensation: Active stabilization of the cavity length against long-term drifts using
atomic references or optical frequency combs.

2. Microwave Advantage: As detailed in Section 3.6.10, shifting to the microwave regime offers a
structural advantage. Superconducting cavities operating at liquid helium temperatures (T < 4 K)
exhibit significantly lower thermal drift rates than room-temperature optical systems. This makes
the sidereal stability target technically feasible, provided the active mitigation strategies of
Section 3.5.3 are implemented.

3.6.2 Orientation control and Earth-rotation lock-in detection

The curvature-induced birefringence depends on the cavity orientation relative to Earth’s tidal curvature
tensor. As Earth rotates, the predicted signal modulates as
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6(t) = dpcos (At + @), (3.5.2)
where (g, is the sidereal frequency.
This enables lock-in amplification by:

e tracking the known sidereal phase,
e rejecting DC and laboratory-fixed systematics,
e integrating coherently over long time baselines.

The predicted modulation waveform is illustrated in Figure 3.5.5, which displays simulated signals for
representative microstructure parameter values.

3.6.3 Thermal Aliasing and Active Mitigation Strategies

A dominant systematic challenge is the aliasing of diurnal thermal cycles into the sidereal signal band.
The solar day (24h 00m) and sidereal day (23h 56m) possess a beat frequency of ~ 4 minutes/day.
Standard diurnal temperature variations of AT ~ 10mK can induce cavity length changes 6L/L ~ 107°
via thermal expansion. Crucially, this thermal signature aliases into the sidereal band with a suppression
factor of only ~ 1073, yielding a spurious background of ~ 10712,

This background exceeds the predicted signal (§ ~ 10717) by five orders of magnitude, implying that
simple passive monitoring is insufficient. To bridge this gap, three layers of active mitigation are
required:

Cryogenic Operation: Utilizing superconducting cavities at liquid helium temperatures reduces the
thermal expansion coefficient (a) by factors of 10*~10° compared to room-temperature ULE glass,
directly suppressing the source term.

Differential Measurement: Employing a dual-cavity configuration with orthogonal orientations allows
for common-mode rejection of the scalar thermal expansion while preserving the tensorial curvature
signal.

Beat-Frequency Veto: Independent thermal monitoring at the specific solar-sidereal beat frequency
allows for the statistical vetoing of data segments where thermal aliasing is detected above the shot-noise
floor.
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Figure 3.6.3: Schematic of the dual-cavity experimental setup, Two orthogonal superconducting cavities are locked
to a common ultrastable laser source. Top: The optical path and Pound-Drever-Hall (PDH) locking loops., Bottom:
The signal extraction logic. The primary observable is the frequency splitting & (t) between the orthogonal modes.
While thermal noise (diurnal) and seismic/magnetic backgrounds (lab-fixed/broadband) dominate the raw noise
floor, the lock-in detection at the sidereal frequency {lgy isolates the vacuum curvature signature, provided the
active mitigation strategies (Section 3.5.3) are employed.

This separation is explicitly mapped in Figure 3.6.3, which diagrams the apparatus and annotates
systematic channels according to their modulation signature.

3.6.4 Null channels and polarization-swapping tests
Robust falsifiability requires internal null tests. Key null channels include:

1. Polarization axis swap

Rotating polarization eigenmodes by 90° must flip the signal sign if curvature-induced.
2. Apparatus rotation

Rotating the cavity relative to Earth should shift the modulation phase predictably.
3. Material comparison

Repeating measurements with cavities of different dielectric composition tests for material-
dependent artifacts.

4. Dual-cavity cross-correlation

Correlated signals across spatially separated cavities would indicate a genuine gravitational
origin.

These null channels distinguish curvature-induced vacuum response from static instrumental
birefringence.

Solar/lunar tidal variations modulate the local tidal tensor at ~ 10% level with distinct periods; a practical
analysis would fit simultaneously the sidereal and principal tidal harmonics to avoid aliasing.

Advanced Geometric Null Tests
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Beyond the local consistency checks (e.g., pressure modulation and material comparison), the curvature
coupling hypothesis offers unique geometric falsification signatures that cannot be mimicked by
laboratory systematics.

Geographic Latitude Dependence: The signal magnitude scales with the curvature projection
K(8)relative to the local vertical. A latitude shift of AG = 30°(e.g., relocating the experiment from 45°N
to 15°N) is predicted to change the signal amplitude by ~ 25%. This macroscopic variation provides a
definitive discriminator against local environmental noise, which should remain invariant across latitudes.

Earth Orientation Parameters (EOP): The signal phase is strictly tied to the Earth's instantaneous
rotation vector {gy. The analysis pipeline must track the Earth Orientation Parameters (precession and
nutation) reported by the IERS. Any deviation between the signal phase and the astronomical EOP data
would falsify the gravitational origin of the effect.

Implementation Requirements: Realizing these advanced tests imposes specific design constraints. The
latitude test requires a portable apparatus capable of maintaining alignment during multi-site campaigns,
while the EOP test demands long-term phase coherence (via GPS-disciplined timing) over month-long
integration runs to resolve minute rotational variations.

3.6.5 [Extracting the geometric response coefficient x

The cavity geometry determines a mode-dependent response factor x, defined via

5(t) = K <L4> Rgcos (ot + ). (3.5.3)

2
Agprmy

Controlled orientation scans and finite-element electromagnetic modeling allow xto be calibrated
independently of the microstructure scale.

Thus an observed modulation directly constrains:

n 8o
=2 (3.5.4)
Aprmy  KRg

while a null result places an upper bound on the same combination.
3.6.6 Role of Figure 3.6.3: apparatus and systematic separation

Figure 3.6.3 schematically illustrates the proposed experimental apparatus, showing the
optical/microwave cavity layout, polarization eigenmode readout channels, and environmental sensor
suite. The experimental design relies on distinct modulation signatures to separate systematics from the
signal: thermal effects follow diurnal cycles, while magnetic and tilt couplings appear as laboratory-fixed
DC offsets or broadband noise. This separation ensures that the target signal, which occupies a unique
sidereal modulation band, can be extracted with high statistical cleanliness.

3.6.7 Summary of experimental credibility

This section establishes that:
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o The predicted signal is not a static frequency offset, but a phase-coherent sidereal
modulation.

¢ Known instrumental effects primarily populate orthogonal systematic channels.

e  Multiple null tests and redundancy checks can confirm or refute a curvature origin.

e The experiment yields a direct quantitative bound on the vacuum microstructure scale.

We now turn to the theoretical side of parameter consistency, naturalness, and EFT validity, where we
map out the allowed parameter space and perturbative regime (Section 3.6).

3.7 Parameter Space, Naturalness, and Consistency Conditions

The framework introduced in Section 2 contains a small set of microstructure parameters governing
vacuum stiffness and curvature coupling. To ensure predictive power and theoretical consistency, these
parameters must satisfy constraints from effective field theory validity, perturbativity, causality, and
observational bounds. This section delineates the physically allowed parameter regime and clarifies
where the predicted effects can dominate over standard GR + QED loop contributions.

3.71 EFT regime and adiabatic validity

The derivation of the linear response relation in Section 2.3 assumes that vacuum microstructure
excitations remain heavy relative to the photon momentum scale. This requires:

| k1< my, (3.6.1)
ensuring that the polarization field M, can be integrated out consistently.

Additionally, curvature corrections remain perturbative only if:

R
| — 1K1, (3.6.2)
my
which is easily satisfied in laboratory and astrophysical gravitational fields unless m,, is extremely small.

Detectability estimates must be interpreted jointly with the EFT control conditions k << m;; and | R |
/m%; « 1; some regions of parameter space yielding large signals fall outside EFT validity for optical
frequencies, motivating microwave or lower-k implementations as the conservative experimental regime.
These inequalities define the EFT validity domain in which Eq. (2.9.4) remains reliable.

3.7.2 EFT Convergence and Higher-Order Operators

To justify the truncation of the effective action to dimension-6 operators, we estimate the magnitude of
higher-order contributions. The EFT expansion generates terms involving higher powers of curvature
(e.g., R?M? /A% ) and derivatives (e.g., V2RM? /AL er).

» Curvature Powers: The suppression factor relative to the leading term is R /A%gy. Using the

microwave-regime parameters consistent with Section 3.6.9 (Rgy ~ 1072 m™2 and Agpr ~ 10* m™),
this ratio is ~ 10731, rendering higher-curvature corrections negligible.
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« Derivative Operators: Terms involving gradients scale as V2 /AZpr ~ (LeparDgrr) ™2, where Lopgr iS
the characteristic length scale of the background field variation. For terrestrial gravity, the variation scale
is the Earth's radius (Lepgr ~ g = 6 X 10° m). With Agpr ~ 10* m™, the suppression is

(6 x 1019)72 =~ 3 x 10722,

Thus, both curvature and derivative expansions are well-controlled within the proposed experimental
window . We note that this convergence assumes the dimensionless Wilson coefficients of the UV
completion are O(1); significantly larger coefficients would require a specific high-energy model to
verify validity.

3.7.3 Stability and positivity of the vacuum sector

The free vacuum microstructure action in Eq. (2.1.2) yields a healthy propagator only if the effective
mass remains positive:

mz 771
M~ a2
AEFT

R > 0. (3.6.3)

This condition avoids tachyonic instabilities and ensures that vacuum polarization modes remain damped
rather than exponentially growing.

Consequently, the curvature coupling must satisfy:

niR
A2 7 [« 1, (3.6.4)
EFTMM

|
consistent with the perturbative regime shown in Figure 3.1.5.

3.7.4 Causality and photon propagation constraints

Curvature-induced photon dispersion must not introduce macroscopic superluminal signaling. The
polarization-dependent velocity shift derived in Eq. (2.6.4),

Av
—_—~ Ceff:R, (365)
v
remains causal provided:
| Corr | R K 1. (3.6.6)

This condition is automatically satisfied in the parameter region relevant to laboratory and astrophysical
tests, but it excludes extreme values of 11/ (A%prmpy).

3.7.5 Naturalness and physically meaningful scales

The key dimensionful parameter controlling observable effects is:
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(1
1]

yr— (3.6.7)

with units of inverse curvature.

Three physically distinct regimes emerge:

Table 3.6.5: Physical regimes of the curvature—photon coupling parameter =

Regime Interpretation Observability
E « a/m?2 | Subdominant to QED loop effects | Unobservable
E ~ a/m?2 | Comparable to GR + QED Testable
E » a/m?2 | Microstructure-dominated Strong signal

The second and third regimes define the experimentally interesting window.
3.7.6  Perturbativity boundary and exclusion regions
Perturbative control requires:

ERg K 1, (3.6.8)
where Rgis Earth’s curvature scale.

This defines a natural upper bound on observable coupling strength, beyond which higher-order
curvature corrections cannot be neglected.

3.7.7 Interpretation of Figure 3.7.7: parameter exclusion and discovery space
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Figure 3.7.7: Projected experimental reach for the microstructure stiffness scale & = n/(0apr my). The diagonal
band indicates the stiffness values accessible for a given fractional frequency sensitivity 8,;,. Vertical Lines: The
current state-of-the-art optical cavity limit (8, ~ 1078) and the target sensitivity for the proposed
superconducting microwave apparatus (Spy,;, ~ 10718). Bounds: The upper shaded region is excluded by the
perturbativity constraint | nRg |/ (Agprmi;) < 0.1, which prevents vacuum instability. Assumptions: Projections
assume a sidereal integration time of T = lyear and a geometric orientation factor k = 0.5.

Figure 3.7.7 maps the allowed parameter space in the plane:
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n

X = A—2 ,
EFTMM

Y = Smins (3.6.9)

showing:

o the region excluded by current birefringence sensitivity limits,
o the region where vacuum microstructure dominates over GR + QED,
o the perturbativity boundary beyond which EFT control fails.

This figure visually encodes the discovery potential of cavity experiments and clarifies where meaningful
theoretical consistency is maintained.

3.7.8 Radiative stability and parameter control

Because curvature—photon operators arise at tree level in this framework, radiative corrections from
Standard Model loops renormalize but do not generate them from scratch. This suggests that the scale
Ecan remain radiatively stable over moderate energy ranges, although a full renormalization-group
analysis lies beyond the scope of this work.

3.7.9 Summary of consistency conditions
This section establishes that the theory remains self-consistent provided:

| k |« my, (EFT regime),

| R 1< m (weak curvature),
m2, > 0 (stability),

ERg < 1 (perturbativity),
Photon dispersion remains causal.

kv =

Within this window, curvature—vacuum effects can exceed GR + QED loop predictions without violating
EFT control.

We now turn to the relationship between this framework and the vacuum energy / cosmological
constant problem, carefully delineating what is suggested and what remains speculative (Section 3.7).

3.7.10 Experimental Feasibility Check: The Microwave Regime

To confirm that the microwave pivot provides a viable experimental path, we must verify that all
theoretical consistency conditions can be satisfied simultaneously with a detectable signal. We define a
benchmark parameter set for a superconducting cavity experiment operating at f = 30 GHz (k =

600 m™1).

Adiabaticity (k < m,,): We select my; = 10* m™1. The ratio k/my, = 0.06 < 1, satisfying the EFT
validity condition.

Perturbativity (| 7R |/A%prm% < 1): With Agpr ~ myand n ~ O(1), the ratio is ~ 10732, ensuring a
stable vacuum.
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Unitarity (E < E,p;;): Using the bound from Section 2.9.9, E, e = 4Vmmy, = 7 X 10* m™1. The
experimental energy E ~ 600 m™! is safely below the cutoff (E/Eypn;s ~ 1072), avoiding the unitarity
violation that excludes optical experiments.

Detectability: High-Q superconducting cavities achieve frequency stabilities approaching the Standard
Quantum Limit. Recent benchmarks for cryogenic resonators demonstrate sensitivity 8, ~ 1071 for
integration times T ~ 10* s. The signal enhancement from the lower mass scale (£ « mj,®) brings the
predicted effect within reach of this sensitivity, provided 7is sufficiently large (n > 1) or Agpr is distinct
from the cutoff scale.

Thermal Synergy: Crucially, this regime enables the Active Mitigation Strategies detailed in Section
3.5.3 (Fix 9). The requirement for superconducting cavities (T < 4 K) automatically suppresses the
thermal aliasing coefficient aby 10°relative to optical glass, solving the dominant systematic error while
simultaneously satisfying EFT constraints. Thus, the microwave regime uniquely resolves the parameter
tension while maintaining experimental viability.

3.8 Relation to Vacuum Energy and the Cosmological Constant Problem

The introduction of a covariant vacuum microstructure sector raises the question of how vacuum energy
gravitates within the present framework. This issue is closely related to the well-known cosmological
constant problem, namely the apparent mismatch between the natural quantum-field-theoretic scale of
zero-point energy and the observed small value of cosmic acceleration. Here we clarify precisely what the
present theory resolves, what it constrains, and what remains beyond its current scope.

3.8.1 Comparison with Unimodular Gravity and Sequestering

Table 3.7: Structural comparison of vacuum-energy coupling mechanisms in different gravitational
frameworks

Feature Standard GR | Unimodular This Work
Gravity
Trace of Einstein equation Determines Constraint Constraint
Ag 1
Constant vacuum energy gravitates | Yes No No
Global constraint No Yes Yes
Dynamical vacuum response sector | No No Yes (M,,,)
Curvature—photon coupling Loop-only Loop-only Tree + Loop
Laboratory falsifiability No No Yes (cavity birefringence)

We emphasize that the constant-vacuum-energy decoupling mechanism is structurally the same trace-
constraint idea as in unimodular/sequestering approaches; the distinct contribution of the present work is
the additional local My, sector generating tree-level curvature—photon operators.

Unlike unimodular or sequestering models, the present framework couples baseline neutrality to a local
dynamical vacuum response sector, yielding experimentally testable curvature—gauge effects.

The baseline-neutrality mechanism implemented here is structurally related to unimodular gravity and
vacuum-sequestering approaches, which also render constant vacuum energy gravitationally inert. Our
contribution is not the invention of trace-modified gravity itself, but the demonstration that such neutrality
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can coexist consistently with a local, dynamical vacuum response sector that produces experimentally
testable curvature-dependent photon propagation. In this sense, the present framework extends — rather
than replaces — existing neutrality mechanisms.

3.8.2 The standard vacuum-energy paradox in GR + QFT

In conventional quantum field theory, zero-point fluctuations of quantum fields generate a vacuum energy
density of order

AAT
FT uv
e ~ 1oz’ (3.7.1)
which exceeds the observed dark-energy density
pRPs ~ 107120 M4, (3.7.2)

by approximately 120 orders of magnitude. In standard semiclassical gravity, this vacuum energy enters
Einstein’s equations as an effective cosmological constant, leading to an extreme fine-tuning problem that
remains one of the deepest unresolved tensions in fundamental physics.

3.8.3 [Exact decoupling of constant vacuum energy

Within the present framework, the gravitational field equations satisfy an exact invariance under constant

shifts of the matter-sector Lagrangian. As proven in Section 2.10 (Baseline Neutrality Theorem),
transformations of the form

Ly = Ly+C (3.7.3)

leave the curvature equations unchanged. Equivalently, constant vacuum energy — including radiative
zero-point contributions — does not source spacetime curvature.

Mathematically, the Einstein equations depend only on the trace-adjusted stress-energy combination

1
Ty — Zgw(T), (3.7.4)

so that constant vacuum offsets cancel identically. This cancellation is exact, nonperturbative, and
radiatively stable, ensuring that ultraviolet-sensitive zero-point contributions do not reappear at higher
loop order.

This result resolves the gravitational zero-point energy catastrophe at the level of field equations,
eliminating the need for fine-tuning between microscopic vacuum energy and a bare cosmological
constant.

3.8.4 Vacuum energy as dynamical stored response

Beyond removing constant vacuum offsets, the theory reinterprets vacuum energy not as a rigid

background density but as a dynamical stored response of the microstructure sector. The vacuum
polarization field contributes an energy density of the form
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1
pu = gmhy (M M), (3.15)

with a vanishing background expectation value
(M) = 0. (3.7.6)

Thus, vacuum carries no intrinsic monopole energy in the absence of perturbations; vacuum energy arises
only through excited response, analogous to elastic energy stored in a medium rather than a fixed offset.

3.8.5 Curvature-sensitive vacuum stress

Because the vacuum microstructure couples to curvature (Section 2), the effective stiffness of the
response sector becomes geometry-dependent:

mi — mi— DR, (3.7.7)

2
A&pr
This induces a curvature-dependent correction to vacuum stress,

8Py ~ — P R (M, MHY), (3.7.8)

T A2
Agpr

so that vacuum energy becomes a dynamical, curvature-responsive quantity rather than a fixed
cosmological constant. In semiclassical gravity, this leads to a controlled and computable backreaction
channel:

Gy = 8mG(THatter+Tyac), (3.7.9)
where

rvac— 2 S5u

uv _\/'T—gé‘guv'

In an FLRW background, if the residual integration constant is identified with Aggs < (R), then Agge/Aggs
generically scales as O (H) rather than O(H?). For matter domination (R) o< H? implies | Agge/Aegr |~
O(H,), which is observationally constrained. Accordingly, the present framework eliminates the
gravitational sensitivity to constant vacuum-energy shifts, but does not by itself guarantee an acceptably
slowly varying late-time Aq¢f; achieving quasi-static Aq¢r requires either boundary-condition selection or
additional stabilization dynamics beyond our present scope.

(3.7.10)

A complete prediction for w(z) and comparison with SNe/BAO constraints is deferred to future work.
While the Baseline Neutrality Theorem strictly cancels constant vacuum energy, the curvature-dependent
modulation 6 pyis dynamical and survives. We explicitly derive its magnitude to verify cosmological

safety.

Derivation: The mixing action
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n
Smix ~ | d4x,/—gA2—RMw,M‘“’
EFT

generates a stress-energy correction

6Smix
w W'

yielding an effective energy density shift

Ul
8pu % 5 — R(Myuy MM).
EFT

The vacuum expectation value (M?)is dominated by the characteristic mass scale of the microstructure,
(M?) ~ m,

(assuming dimensional regularization with [M] = 1). The cosmological impact is quantified by the
fractional contribution to the critical density,

Qieak = 6Pm/Perit-

Substituting peyir ~ M3,R(where Mpis the reduced Planck mass):

(U/A%?FT)RmI%/I _ nm,%,,
M3 R NgprMp,

-Qleak =

Worked Example: Using the microwave-regime parameters identified in Section 3.6.9 for detectability
(my ~ Agpr ~ 10*m™1, n ~ 1, and Mp; ~ 1035 m™1):

1-(10%)?

-70
Qiear ~ (104)2 . (1035)2 ~ 10

Even with conservative optical-regime parameters (m,, ~ 107 m™1), the leakage is ~ 107°*. Thus, the
curvature-dependent "leakage" of vacuum energy is suppressed by the Planck scale and is cosmologically
negligible (Qeqr <K 1079), ensuring it does not reintroduce the fine-tuning problem.

3.8.6 What Is Resolved — And What Remains Open

The Baseline Neutrality Theorem addresses a specific long-standing problem while leaving a distinct
question open.

The Zero-Point Energy Gravitation Problem (Resolved at the Level of Constant Offsets)

Naive semiclassical gravity predicts that quantum zero-point energy
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acts as a gravitational source, yielding curvature far exceeding observations. This constitutes the
traditional vacuum-energy gravitation paradox.

In the present framework, constant vacuum energy shifts of the form
Ly—=>Ly,+C

satisfy the exact cancellation identity Eq. (2.10.20),

1
A (Tuv - Z.%w(T)) =0,

ensuring that pure constant vacuum energy does not source curvature. The cancellation is exact at the
level of constant vacuum-energy contributions and removes ultraviolet sensitivity in gravitational
coupling to zero-point energy.

The Observed Dark-Energy Scale (Not Fixed by the Present Framework)

A residual integration constant proportional to (R) remains in the trace-adjusted Einstein equation. Its
observed numerical value, corresponding to the late-time dark-energy density, is not predicted by the
present theory and depends on global boundary conditions rather than ultraviolet quantum corrections.
Thus, the framework transforms the cosmological constant problem from a UV fine-tuning problem into
an infrared boundary-value selection problem, separating gravitational stability from the detailed
ultraviolet structure of quantum field theory.

3.8.7 Comparison with General Relativity and Unimodular Gravity

To clarify the conceptual status of the Baseline Neutrality Theorem, Table 3.7.1 compares the present
framework with standard General Relativity and unimodular gravity.

Table 3.7.1: Comparison of gravitational coupling of vacuum energy in different frameworks

Feature General Relativity | Unimodular Gravity | This Work
Constant zero-point energy gravitates | Yes No No
Global constraint on vacuum energy | No Yes Yes
Dynamical vacuum response sector | No No Yes
Curvature—photon coupling origin Loop-level (QED) | Loop-level (QED) Tree + Loop
Laboratory-testable prediction No No Yes

The key distinction is that the present framework couples baseline neutrality to a dynamical
microstructure sector, thereby producing new curvature—gauge response effects and experimentally
testable deviations beyond those implied by unimodular gravity alone.

To clarify the relationship between the two theoretical mechanisms, which are experimentally separable
but cosmologically interdependent, we delineate their distinct roles in Table 3.7.2.
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Table 3.7.2: Logical Independence of Mechanisms

Component Physical Role Primary Test Channel
Microstructure Generates tree-level curvature-photon operators Laboratory Birefringence
Model (c;RF?). (Cavity Experiments)
Baseline Renders constant vacuum energy (~ Agpr) Cosmological Dynamics
Neutrality gravitationally inert. (Dark Energy EOS)
Combined Ensures full consistency: Microstructure provides local | Self-Consistent EFT
Framework response, while Neutrality prevents Microstructure

ZPE from gravitating.

Note: The combined framework is essential because the microstructure field M,,,, itself possesses a zero-
point energy density p ~ mj;. Without the baseline neutrality mechanism, this contribution would

reintroduce the cosmological constant problem at the microstructure scale, breaking the theory's
cosmological viability despite its laboratory success.
3.8.8 What this framework resolves — and what it does not
It is important to state the scope precisely. The present framework:
Does resolve
e the gravitational sourcing of constant zero-point energy,
e the ultraviolet instability of vacuum energy contributions,
e and the need for fine-tuning between microscopic vacuum energy and curvature.
Does not (yet)
e uniquely predict the observed late-time dark-energy scale,
o cenforce a fundamental symmetry fixing the residual cosmological constant,
e or provide a complete ultraviolet completion of vacuum energy dynamics.
A residual integration constant remains, reflecting global boundary conditions rather than quantum
vacuum fluctuations. In this sense, the framework eliminates the catastrophic vacuum-energy coupling
without claiming a full explanation of cosmic acceleration.
3.8.9 Cosmological Equation of State and Boundary Conditions
A critical distinction must be made between the elimination of quantum zero-point energy and the

dynamical behavior of the residual integration constant. In the trace-adjusted Einstein equation, the
residual term behaves effectively as a time-dependent source

Agpp(t) < (R).

In a matter-dominated FLRW universe, the Ricci scalar evolves dynamically with the expansion, scaling
as

R« H? « a3,
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If the residual term evolves purely according to this scaling, the effective dark energy density tracks the
background matter density (ppg & a~3). This implies an effective equation of state w, sr =~ 0 (or
generically | werr + 1 |~ O(1) depending on the precise coupling), rather than the observed w ~ —1.
Therefore, consistency with late-time acceleration requires that the global boundary condition Ag; must
be selected to enforce quasi-static behavior, essentially fixing the residual constant to match the observed
cosmological constant phenomenology.

Thus, the framework reduces the cosmological constant problem from an ultraviolet radiative instability
to an infrared boundary condition selection, without claiming a complete dynamical resolution of the dark
energy scale.

3.8.10 Cosmological Equation of State and Boundary Conditions

A critical distinction must be made between the elimination of quantum zero-point energy and the
dynamical behavior of the residual integration constant. In the trace-adjusted Einstein equation, the
residual term behaves effectively as a time-dependent source

Agrr(t) < (R).

In a matter-dominated FLRW universe, the Ricci scalar evolves dynamically with the expansion, scaling
as

R« H? « a3,

If the residual term evolves purely according to this scaling, the effective dark energy density tracks the
background matter density (ppg o a~2). This implies an effective equation of state w, sr = 0 (or
generically | wgrr + 1 |~ O(1) depending on the precise coupling), rather than the observed w ~ —1.
Therefore, consistency with late-time acceleration requires that the global boundary condition Ag;must be
selected to enforce quasi-static behavior, essentially fixing the residual constant to match the observed
cosmological constant phenomenology.

Thus, the framework reduces the cosmological constant problem from an ultraviolet radiative instability
to an infrared boundary condition selection, without claiming a complete dynamical resolution of the dark
energy scale.

3.8.11 Physical significance and experimental linkage

A key conceptual advance is that vacuum energy becomes tied to measurable microphysical response
parameters rather than an arbitrary cosmological input. The same microstructure scale governing
laboratory birefringence signals (Sections 2.6—2.8) controls the magnitude of curvature-sensitive vacuum
stress. This connects what has traditionally been a purely cosmological problem to experimentally
testable vacuum physics, providing a pathway toward empirical constraints on vacuum-energy
dynamics.

3.8.12 Outlook on deeper vacuum-energy mechanisms

A complete solution to the cosmological constant problem may require additional ingredients, such as
symmetry protection, nonperturbative self-tuning, or ultraviolet completion of the microstructure sector.
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The present work does not claim to supply these elements. Instead, it establishes a mathematically
explicit and radiatively stable foundation in which such mechanisms can be explored systematically,
while already resolving the dominant zero-point energy gravitation paradox.

3.9 Limitations and Scope

While the framework developed here introduces a new curvature—vacuum response channel with concrete
falsifiable predictions, several important limitations define the current scope of validity. We state these
explicitly to delineate what is established versus what remains open.

3.9.1 Background-curvature approximation

Throughout this work, spacetime curvature is treated as a fixed external background, and the
backreaction of the vacuum polarization field M,,,,on the metric is neglected beyond leading-order stress—

energy corrections. A fully self-consistent treatment would require solving the coupled Einstein—M,,,,
system:

Gy = 8mG (TR "+T), (3.8.1)
which is deferred to future work.
3.9.2 Weak-curvature and linear-response regime

All derivations rely on the perturbative condition:

R
| — I« 1, (3.8.2)
my

ensuring that curvature corrections to vacuum stiffness remain small. Nonlinear or strong-curvature
regimes (e.g., near compact objects or early-universe epochs) are not addressed here.

Similarly, the polarization response is restricted to the linear regime in the electromagnetic field
amplitude:

| By |<< mpy. (3.8.3)

3.9.3 Photon-sector focus

The present analysis focuses exclusively on photon propagation and electromagnetic cavity modes,
where curvature—vacuum effects are cleanly isolated and experimentally accessible.

We do not claim:
e composition-dependent free-fall effects for massive bodies,
e violations of the weak equivalence principle for matter,

e or generic deviations in gravitational motion of charged macroscopic objects.

Matter-sector extensions require a separate, fully covariant treatment of composite-body stress—energy.
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3.94 Model dependence of vacuum microstructure

The polarization field My, is introduced as a minimal effective representation of vacuum dipole
stiffness. While this construction is covariant and EFT-consistent, it does not constitute a unique
microscopic theory of vacuum structure. Other UV completions could realize the same low-energy
operator structure with different microphysical interpretations.

Thus, this work constrains an effective response class, not a specific fundamental ontology.

3.9.5 Geometry-dependent experimental calibration

The predicted birefringence signal depends on a geometric coupling factor k, which encodes cavity
orientation, mode structure, and local curvature projection:

n
4

0 =K——7F
Ngprmy

Re. (3.8.4)

This factor must be numerically calibrated for any specific experimental implementation, and
constitutes an additional systematic uncertainty.

3.9.6 Parameter freedom and UV completion

While Section 3.6 constrains the allowed parameter region, the values of 1, Agpr, and my, are not fixed
by symmetry alone. Their ultimate determination requires either:

e ultraviolet completion,

e matching to high-energy data,

e or direct experimental measurement.
The present work therefore provides a testable EFT framework, not a fully UV-complete theory.
3.9.7 Summary of scope

In short, this work:

e establishes a covariant vacuum response sector,

e derives tree-level curvature—photon couplings,

e produces numerically falsifiable predictions,

e but remains limited to weak curvature, linear response, and photon-sector observables.
These limitations are not deficiencies but natural boundaries of a first-principles EFT construction.
We conclude by outlining the most promising directions enabled by this framework.

3.10 Outlook

The present work opens three immediate and well-defined research directions, each capable of advancing
the framework from effective phenomenology toward deeper physical structure.
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3.10.1 Near-term experimental path: cavity birefringence tests

The most direct next step is experimental implementation of the cavity birefringence test derived in
Section 2.8. A null result would set the first laboratory bound on vacuum curvature—dipole
susceptibility, while a positive detection would constitute direct evidence of vacuum microstructure
response.

This provides a rare opportunity for tabletop constraints on quantum—gravitational vacuum
structure.

3.10.2 Theoretical extension: coupled Einstein—vacuum dynamics

A natural theoretical extension is to solve the fully backreacting Einstein—M,,, system, enabling study
of:

e curvature-induced vacuum self-adjustment,
e nonlinear vacuum stress stabilization,
¢ and possible implications for semiclassical gravity.

This would determine whether vacuum response can contribute to self-regulating gravitational
dynamics.

3.10.3 Generalization to non-Abelian and multi-field sectors

The construction presented here generalizes naturally to non-Abelian gauge fields, spinor polarization
sectors, and other field types. This opens a path toward a broader unifying principle in which vacuum
acts as a multi-channel constitutive medium, with curvature-dependent cross-susceptibilities linking
gravitational, gauge, and spin sectors.

This direction directly connects to the deeper unification idea motivating this work.
3.10.4 Closing perspective

The central claim of this work is not that spacetime is a material medium, but that vacuum possesses a
covariant dynamical response structure whose stiffness can be probed experimentally. By identifying a
tree-level curvature—gauge coupling channel and linking it to a measurable laboratory signal, we
transform an abstract idea about vacuum structure into a quantitative, falsifiable physical hypothesis.

This framework achieves three conceptual advances:

(1) It elevates vacuum response from an emergent loop artifact to a fundamental effective degree of
freedom, introducing a new gravity—gauge cross-susceptibility channel.

(2) It removes gravitational sensitivity to constant vacuum-energy offsets through trace cancellation while
preserving all dynamical vacuum polarization phenomena.

(3) It converts these theoretical principles into a testable laboratory prediction, accessible to resonant-
cavity experiments in terrestrial gravity.

Whether the predicted birefringence signal is observed or excluded, the framework establishes that

vacuum microstructure dynamics and gravitational baseline neutrality can be subjected to direct
experimental test — a new opportunity at the intersection of quantum field theory and gravity.
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4 METHODS
4.1 Effective-Field-Theory Construction of the Vacuum Microstructure Sector
We model vacuum microstructure using an antisymmetric rank-2 tensor field M, , representing a

covariant polarization response degree of freedom. The free-field action is chosen as the minimal
Lorentz-invariant and generally covariant quadratic functional:

2
m
Sy = [ d*x/—g HyppHHP —TMMWM’“’ , (4.1.1)

where the field strength tensor is
Hypp = VM, +V, My, + VM. 4.1.2)

This structure ensures:

e general covariance,

e Jocality,

e second-order equations of motion,

e and a Lorentz-invariant vacuum with (M,,,) = 0.

4.2 Coupling to Electromagnetism and Curvature

The electromagnetic sector is described by the standard Maxwell action:

1
Sem = —3 [ d*x[—g E,,F*. (4.2.1)

We introduce linear vacuum polarization coupling:

Sint = f d*x.[—g M, F*, (4.2.2)

and the curvature—dipole cross-susceptibility terms:

Sie = [ d¥x = [ 7 AZ o MEY 4 2/:72;” Ry MHEMY |, (4.2.3)

The full effective action is:

Stot = SM + SEM + Sint + Smix- (424)

4.3 Field Equations and Linear Response Solution

Varying Eq. (4.2.4) with respect to M,,,, yields:
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V,HPRY — (m,%,— Agl R) MHY = FHV, (4.3.1)
EFT

In the weak-curvature and adiabatic limit, derivative corrections are subleading, reducing Eq. (4.3.1) to:

(—n +mg — R> My, = Ey,. (43.2)
AEFT
We solve perturbatively:
1 R
M =—(1+"1—)F + O(R?). 433

4.4 Integration of Microstructure and Effective Photon Action

Substituting Eq. (4.3.3) into Eq. (4.2.4) produces an effective electromagnetic Lagrangian:

1
L= _ZF‘“’FW + clRI*;wF‘“’ + CZRWF““FV at c3R,wng’“’Fp", 4.4.1)
where
ni
Cj ~———. (4.4.2)
! A%FTmf\‘/I

This matches the known EFT curvature—photon operator basis but with tree-level coefficient origin.
4.5 Photon Dispersion and Polarization Mode Splitting
Photon propagation is derived from the modified Maxwell equations:

V FHY 4 20,V (RFFY) + 26,V (RF o FOV) = 0. 4.5.1)

Using geometric-optics expansion Fy,, ~ e'®* we obtain the modified dispersion relation:

k? +TI(R, k,€) = 0, (4.5.2)

leading to a polarization-dependent velocity shift:

Av
7 ~ CeffR. (453)

4.6 Earth-Curvature Signal Estimation

Earth’s curvature scale is approximated by:

75



GM
R = Czr? ~17x 1073 m™2, (4.6.1)
0

The cavity frequency splitting between polarization eigenmodes is:

5= (ﬂ) _ (ﬂ) =k R, 4.6.2)

f Il f 1 AZEFT m?\t'l

4.7 Experimental Sensitivity and Parameter Bound Extraction
Given a measurable frequency sensitivity &p,ipn, the inferred bound is:

n Smin
s . (4.7.1)
Aprmy T KRg

Daily modulation due to Earth’s rotation is modeled as:
8(t) = ycos (Qpt+¢), (4.7.2)
providing lock-in detection robustness.
4.8 Simulation Pipeline for Figures and Signal Forecasting
All theoretical plots and figures are generated using:
symbolic curvature tensor expansion,
numerical cavity-mode solvers (finite-element EM),

Monte-Carlo noise injection,
and parameter-space scans.

Simulation steps:

Compute cavity eigenmodes.

Project curvature tensor onto polarization axes.
Apply Eq. (4.6.2).

Generate synthetic time-series & (t).

Extract modulation amplitude via Fourier analysis.

Nk v =

This pipeline produces Figures 2, 4, and 6.
4.9 Statistical Analysis Framework
Signal detection uses:

o matched-filter amplitude estimation,

e Dbootstrap resampling,
o Bayesian posterior inference on /(A% pr miy),
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¢ and null-hypothesis likelihood comparison.
Confidence intervals are computed via Markov-Chain Monte Carlo sampling.
4.10 Reproducibility and Code Availability
All symbolic derivations, numerical simulations, and signal-analysis scripts are designed to be
reproducible. Source code, numerical notebooks, and experimental configuration files will be made

publicly available upon publication.
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