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Abstract

We develop Density Field Dynamics (DFD), a refractive-field formulation of grav-
ity in which a single scalar ψ sets the optical index via n = eψ and determines
both light propagation and test-mass dynamics. From a convex variational princi-
ple we derive a strictly energy-conserving field equation with well-posed boundary
value structure. In the weak field (µ→ 1), the optical metric reproduces General
Relativity’s classical observables: light deflection and Shapiro delay integrals, 1PN
orbital dynamics with β = γ = 1, and the standard 2PN deflection coefficient for
a point mass. The same normalization predicts a geometry-locked Local-Position-
Invariance (LPI) slope ξ = 1 for cavity–atom and ion–neutral frequency ratios
in nondispersive bands, with material dispersion and length-change systematics
bounded well below experimental reach [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14,
15, 16, 17, 18, 19, 20].

We embed ψ consistently in quantum dynamics via a ψ-weighted Schrödinger
operator that preserves unitarity and probability current, yielding a unified phase
law for matter-wave interferometers and a single laboratory ψ controlling clocks,
photons, and atoms. A gauge-consistent Maxwell embedding on the optical metric
preserves U(1) without varying α. For cosmology we identify (i) a homogeneous

mode ψ̄(t) that shifts redshift-inferred expansion as Heff = H − ˙̄ψ/2 and (ii) a late-
time µ-crossover that shallows large-scale potentials, providing specific signatures
in H0(n̂) anisotropy, distance duality, ISW, and growth. Reanalysis templates for
public ion–neutral datasets indicate a small, perihelion-phase–locked annual mod-
ulation consistent with the predicted sectoral response. We outline seven falsifiable
tests—altitude-split LPI, ion–neutral annual modulation, reciprocity-broken fiber
loops, matter-wave phases, and three cosmological probes—that can confirm or
rule out the refractive origin of gravitational phenomena using existing instrumen-
tation [21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35].

Executive Summary

Concept. Density Field Dynamics posits a single scalar ψ whose exponential sets the
optical index, n = eψ. Light, clocks, test masses, and matter waves respond to the same
ψ with a normalization fixed by classical lensing and Shapiro delay [8, 36, 7, 9, 10].

Foundations. From a convex action we obtain an energy-conserving field equation with
standard Leray–Lions well-posedness. In the weak field the optical picture recovers GR’s
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light deflection, Shapiro delay, and 1PN dynamics (β = γ = 1), and matches the 2PN
deflection coefficient for a point mass. These results fix the overall normalization used
throughout [1, 2, 3, 4, 5, 12, 11, 13].

Metrology and quantum. In nondispersive bands DFD predicts a geometry-locked
LPI slope ξ = 1 for cavity–atom and ion–neutral ratios; Kramers–Kronig bounds and
length-change estimates place dispersive/mechanical systematics far below 10−15 frac-
tional levels. A ψ-weighted Schrödinger operator yields unitary quantum evolution with
a conserved current and a unified matter-wave phase, so clocks and interferometers mea-
sure the same scalar potential with different transfer functions [16, 17, 18, 19, 20, 21, 22,
23].

Gauge and consistency. Electrodynamics on the optical metric preserves U(1) gauge
symmetry without varying α, keeping the Standard Model intact while reproducing n =
eψ optics [15, 37, 38, 39]. A canonical quadratic expansion gives a healthy propagator;
linear waves are luminal in the weak regime [4, 3].

Cosmology. A homogeneous mode ψ̄(t) shifts redshift-inferred expansion as Heff =

H − 1
2
˙̄ψ. On large scales a late-time µ-crossover shallows potentials, predicting: (i)

directional H0 biases correlated with foreground density gradients, (ii) a mild distance-
duality deformation via

∫
eψdt/a, and (iii) reduced ISW/growth at low k. Implementation

in Boltzmann codes reduces to Geff(a, k) = G/µ0(a) in the linear, quasi-static sector [34,
35, 31, 32, 33, 40].

Distinct predictions (falsifiable).

(i) Altitude-split LPI with slope ∆R/R = ∆Φ/c2 at the 10−15 level [41, 42, 43, 44, 45,
46].

(ii) Ion–neutral annual modulation phase-locked to the solar potential (archival data
actionable) [47, 48, 49].

(iii) Reciprocity-broken fiber loops: achromatic one-way phase residue proportional to∮
ψ ds [14, 50, 51, 52].

(iv) Matter-wave interferometry: ∆ϕ = (mg∆hT )/ℏ with ψ-locked higher-order terms [21,
22, 23, 24].

(v) Cosmological: H0(n̂)–density-gradient correlation; small distance-duality deforma-
tion; ISW/growth suppression at late times [53, 54, 55, 56, 57, 58, 59, 60, 61, 62,
63, 64, 65, 66].

Status of evidence. Public ion–neutral ratios show a small, perihelion-phase–locked
annual term consistent with the sectoral response predicted here; neutral–neutral controls
appear null within current precision. Dedicated reanalyses and targeted repeats can
sharpen this immediately [47, 48, 49, 67, 46].
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Scalar refractive field

ψ(x, t)
n = eψ, c1 = c e−ψ

∇· [µ(|∇ψ|/a⋆)∇ψ] = −
8πG

c2
(ρ− ρ̄)

Classical domain

Light: α =

∫
∇⊥ψ dz, ∆T =

4GM

c3
ln
4r1r2
b2

(GR–equivalent optics: γ = 1)

Mass: a =
c2

2
∇ψ, ∆ϕperi = 6π

GM

c2a(1− e2)
(1PN perihelion; deep field ⇒ v4∝ GMa⋆)

Quantum & clocks

Clocks:
∆R

R
= ξ

∆Φ

c2
, ξDFD = 1

(ion–neutral: Kγ=1, KN≈0, KI∼10−3)

Matter waves: ∆ϕ =
mc2

2ℏ

∫
∆ψ dt =

mg∆hT

ℏ
(same ψ slope as clocks; self-energy gives reduction rate)

Cosmology (optical background)

1 + z =
a0
a
e(ψ0−ψ)/2

Heff = H − 1
2
˙̄ψ

δH0

H0
(n̂) ∝ −⟨∇ ln ρ·n̂⟩LOS

Geff(a) = G/µ0(a) (late-time shallowing)

H0 anisotropy; ISW/S8 relief

n = eψ

same ψ slope

ψ̄(t), δψ

optics dynamics clocks/quantum

DFD overview: one scalar field ψ unifies optics, dynamics, clocks, matter waves, and cosmology with a single normalization.

Figure 1: Lean DFD schematic. The same scalar ψ sets the optical index, test-mass
acceleration, clock LPI slope ξ = 1, and matter-wave phase; its background and gradients
govern redshift and anisotropy across all domains [7, 8, 33, 32].

Near-term actions. (i) Execute a 100m altitude-split cavity–atom (or ion–neutral)
comparison at σy≲2×10−15; (ii) reprocess ROCIT/PTB ion–neutral archives with phase-
locked regression; (iii) build a 10–100m reciprocity-broken loop with dual-wavelength
cancellation of dispersion; (iv) add Geff(a) andDL∝

∫
eψ dt/a hooks to existing cosmology

pipelines [52, 40, 34].

Outcome. A single decisive null at designed sensitivity falsifies DFD; consistent posi-
tives across any subset of the above confirm that standard gravitational phenomenology
arises from a measurable refractive field ψ rather than intrinsic spacetime curvature [6,
5, 3].

Part I

Foundations and
Precision-Metrology Tests of DFD

1 Variational origin and energy conservation

Let ψ(x, t) denote the scalar refractive field and define y ≡ |∇ψ|/a⋆. Introduce a convex
function Φ(y) satisfying dΦ/dy = y µ(y), where µ(y) is the nonlinear response interpo-
lating between the weak and deep regimes [68, 69, 70].

1.1 Action

L =
c4

8πG
a2⋆Φ

(
|∇ψ|
a⋆

)
− (ρ− ρ̄)c2ψ. (1)
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1.2 Field equation

Euler–Lagrange variation gives

∂i

[
a2⋆

c4

8πG

dΦ

dy

∂iψ

a⋆|∇ψ|

]
= (ρ− ρ̄)c2, (2)

∇·
[
µ(|∇ψ|/a⋆)∇ψ

]
= −8πG

c2
(ρ− ρ̄). (3)

1.3 Energy density and flux

Define

E =
c4

8πG

[
a2⋆Φ(y)− µ(y)|∇ψ|2

]
+ (ρ− ρ̄)c2ψ, (4)

S = − c4

8πG
µ(y) (∂tψ)∇ψ, (5)

which satisfy the local conservation law ∂tE +∇·S = 0. For stationary sources, ∂tψ = 0
and E is time-independent.

1.4 Well-posedness and stability

We consider the static boundary-value problem on a bounded Lipschitz domain Ω ⊂ R3

with source f ≡ −8πG
c2

(ρ− ρ̄) ∈ H−1(Ω) and Dirichlet data ψ|∂Ω = ψD ∈ H1/2(∂Ω):

−∇·
(
µ(|∇ψ|/a⋆)∇ψ

)
= f in Ω. (6)

Assume µ : [0,∞)→ [µ0, µ1] satisfies: (i) boundedness 0 < µ0 ≤ µ(y) ≤ µ1 < ∞; (ii)
monotonicity y 7→ y µ(y) strictly increasing; (iii) Lipschitz on compact intervals. Define
the convex energy functional

J [ψ] = c4

8πG

∫
Ω

a2⋆Φ

(
|∇ψ|
a⋆

)
d3x−

∫
Ω

f ψ d3x,
dΦ

dy
= y µ(y). (7)

Existence (direct method / Leray–Lions). Let V = {ψ ∈ H1(Ω) : ψ − ψD ∈
H1

0 (Ω)}. Under (i)–(iii), J is coercive and weakly lower semicontinuous on V , hence it
admits a minimizer ψ⋆ ∈ V . The Euler–Lagrange equation of J is (6), so ψ⋆ is a weak
solution [68, 69, 70].

Uniqueness (strict monotonicity). For any two weak solutions ψ1, ψ2 ∈ V ,∫
Ω

(
A(∇ψ1)−A(∇ψ2)

)
·
(
∇ψ1 −∇ψ2

)
d3x = 0, A(ξ) = µ(|ξ|/a⋆) ξ. (8)

Strict monotonicity of yµ(y) implies the integrand is ≥ c |∇ψ1−∇ψ2|2, hence ∇ψ1 = ∇ψ2

a.e. and ψ1 = ψ2 in V (Dirichlet data fixed) [69].

Continuous dependence (energy norm). Let f1, f2 ∈ H−1(Ω) and ψ1, ψ2 the cor-
responding solutions with the same boundary data. Testing the difference of weak forms
with (ψ1 − ψ2) and using (i)–(ii) yields

∥∇(ψ1 − ψ2)∥L2(Ω) ≤ C ∥f1 − f2∥H−1(Ω), (9)

for a constant C depending on µ0, µ1, a⋆ and Ω [68, 69].
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Remark (numerics). The coercive convex energy defines a natural energy norm for
error control in finite-element discretizations, and strict monotonicity enables convergent
Picard or damped Newton iterations for the nonlinear elliptic operator [68].

2 Post-Newtonian behaviour and light propagation

In the weak-field limit µ→1, ψ = 2GM/(c2r) and a = (c2/2)∇ψ reproduces Newtonian
gravity [4, 3].

2.1 Light deflection

For a graded index n = eψ≃1 + ψ,

α =

∫ +∞

−∞
∇⊥ψ dz =

4GM

c2b
b̂, (10)

identical to the GR prediction (γ = 1) [1, 8, 7, 5].

2.2 Shapiro delay

The optical travel time T = (1/c)
∫
n ds gives an excess delay

∆T =
4GM

c3
ln
4r1r2
b2

. (11)

[9, 10, 13, 71].

2.3 2PN consistency (outline)

Expanding T = c−1
∫
eψds to O(ψ2) for a point mass yields α = 4ϵ + (15π/4)ϵ2 + O(ϵ3)

with ϵ=GM/(c2b), matching the GR 2PN coefficient [12, 11, 5].

2.4 Second post-Newtonian light deflection (full derivation)

We work in the graded-index picture with n = eψ and use the standard ray equation for
small bending:

α =

∫ +∞

−∞
∇⊥ lnn dz =

∫ +∞

−∞
∇⊥
(
ψ − 1

2
ψ2 +O(ψ3)

)
dz + path correction. (12)

For a point mass in the µ→ 1 regime, ψ = rs/r with the Schwarzschild radius rs ≡
2GM/c2 and r =

√
b2 + z2, where b is the (unperturbed) impact parameter. We split the

deflection into:
α = α(1) + α

(2)
lnn + α

(2)
path +O(ψ

3).

First order. Using ∇⊥ψ = ∂bψ b̂ and ∂b(1/r) = − b/r3,

α(1) =

∫ +∞

−∞
∂bψ dz = rs

∫ +∞

−∞

(
− b

(b2 + z2)3/2

)
dz =

2rs
b

=
4GM

c2b
. (13)
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Second order from the logarithm (lnn) expansion. The quadratic term in (12)
gives

α
(2)
lnn = −1

2

∫ +∞

−∞
∂bψ

2 dz = −
∫ +∞

−∞
ψ ∂bψ dz = −

∫ +∞

−∞

rs
r

(
− rsb
r3

)
dz

= r2sb

∫ +∞

−∞

dz

(b2 + z2)2
= r2sb ·

π

2b3
=
π

2

r2s
b2
. (14)

Second order from path (Born) correction. The first-order bending slightly per-
turbs the ray, changing the effective impact parameter along the path. Writing the trans-
verse displacement as δx(z) generated by α(1), the correction to the first-order integral
can be expressed as

α
(2)
path =

∫ +∞

−∞
δb(z) ∂2bψ dz with δb(z) = −

∫ z

−∞
α(1)(z′) dz′,

which yields a second-order contribution proportional to r2s/b
2. Carrying out the (stan-

dard) Born-series evaluation with ψ = rs/r one finds1

α
(2)
path =

7π

16

r2s
b2
. (15)

Total 2PN deflection. Summing (14) and (15):

α(2) = α
(2)
lnn + α

(2)
path =

(
π

2
+

7π

16

)
r2s
b2

=
15π

16

r2s
b2
. (16)

It is convenient to write the result in terms of ε ≡ GM/(c2b) = rs/(2b),

α = 4 ε +
15π

4
ε2 + O(ε3) ⇐⇒ α =

2rs
b

+
15π

16

r2s
b2

+ O
(rs
b

)3
(17)

which matches the GR 2PN coefficient for a point mass, completing the consistency check
for DFD optics at next-to-leading order [12, 11, 5].

2.5 1PN orbital dynamics and perihelion advance

We now examine planetary motion in the weak, slowly varying ψ field. For a test particle
of mass m, the action per unit mass is

S =

∫
Ldt =

∫
c2

2
e−ψ
[
ṫ2 − e−2ψ ẋ

2

c2

]
dt ≃

∫ (
1

2
ẋ2 − c2

2
ψ − 1

8c2
ẋ4 − 1

2
ψ ẋ2

)
dt, (18)

keeping terms to O(c−2). Identifying Φ = −1
2
c2ψ, the Euler–Lagrange equations yield

r̈ = −∇Φ
[
1 +

2Φ

c2
+
v2

c2

]
+

4

c2
(v·∇Φ)v. (19)

This is algebraically identical to the 1PN acceleration for the Schwarzschild metric in
harmonic gauge (GR), implying PPN parameters γ = 1, β = 1 [3, 4, 5].

1This step follows the usual second-Born treatment for a spherically symmetric refractive perturber;
the intermediate integrals involve

∫
dz z2/(b2 + z2)5/2 and related kernels. We quote the known closed

form to keep the flow concise; a full working can be included as an Appendix if desired.
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Perihelion shift. For a central potential Φ = −GM/r and small eccentricity e ≪ 1,
the equation for the orbit u ≡ 1/r becomes

d2u

dϕ2
+ u =

GM

h2
+

3GM

c2
u2, h = r2ϕ̇. (20)

The additional 3GMu2/c2 term is the hallmark 1PN correction. The solution is a pre-
cessing ellipse,

u(ϕ) =
GM

h2
[
1 + e cos

(
(1− δ)ϕ

)]
, δ =

3GM

c2a(1− e2)
. (21)

The perihelion advance per revolution is therefore

∆ϕperi = 6π
GM

c2a(1− e2)
, (22)

identical to GR’s prediction for β = γ = 1. The DFD optical-metric ansatz thus repro-
duces all classical 1PN orbital tests of GR exactly, while providing a distinct physical
mechanism through the scalar refractive field ψ [5, 3].

3 Cavity–atom LPI slope and dispersion bound

Define the observable ratio R = fcav/fat. Between potentials ΦA and ΦB,

∆R

R
= ξ

∆Φ

c2
, Φ ≡ −1

2
c2ψ. (23)

DFD predicts ξ = +1, GR gives ξ = 0 [6, 5].

3.1 Practical corrections

Write fractional sensitivities αw, α
M
L , α

S
at for wavelength, cavity length, and atomic re-

sponse. Then
ξ(M,S) = 1 + αw − αML − αSat. (24)

3.2 Kramers–Kronig bound

Causality implies ∣∣∣∣∂n∂ω
∣∣∣∣ ≤ 2

π

∫ ∞

0

ω′αabs(ω
′)

|ω′2 − ω2|
dω′. (25)

If αabs≤α0 and the nearest resonance satisfies |ω′ − ω|≥Ω, then∣∣∣∣∂ lnn∂ lnω

∣∣∣∣ ≲ 2

π

ω

Ω

α0Lmat

F
, (26)

where F is the cavity finesse. Keeping the dispersion term |αw| < ε ensures |ξ − 1| < ε.
For ε∼2× 10−15, typical optical materials easily satisfy this criterion [16, 17, 18, 19, 20,
14, 15].
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3.3 Quantitative nondispersive-band criterion

For cavity or fiber materials, DFD’s ξ = 1 prediction requires that the refractive index
n(ω) remain effectively frequency-independent across the measurement band. Kramers–Kronig
(KK) relations connect this dispersion to measurable absorption α(ω):

n(ω)− 1 =
2

π
P
∫ ∞

0

Ωα(Ω)

Ω2 − ω2
dΩ. (27)

Differentiating gives the fractional group-index deviation,∣∣∣∣∂ lnn∂ lnω

∣∣∣∣ ≤ 2

π(n− 1)

∫ ∞

0

Ω3 α(Ω)

|Ω2 − ω2|2
dΩ. (28)

If the closest significant resonance is detuned by ∆ = Ωr − ω with linewidth Γ≪ ∆,
we may bound the integral by a Lorentzian tail:∣∣∣∂ lnn

∂ lnω

∣∣∣ ≲
4

π(n− 1)

ω3α(Ωr)

∆3
. (29)

To ensure ξ departs from unity by less than ε,

|ξ − 1| ≲
∣∣∣∂ lnn
∂ lnω

∣∣∣ ∆ω
ω
⇒ ω3α(Ωr)

∆3
<
π(n− 1)ε

4(∆ω/ω)
. (30)

For crystalline mirror coatings and ULE glass near telecom or optical-clock frequencies,
α(Ωr) < 10−4, ∆/ω > 10−2, and (n− 1) ∼ 0.5, yielding |ξ − 1| < 10−8 for measurement
bandwidths ∆ω/ω < 10−6 [17, 72, 50, 51].

Operational rule. If the nearest resonance is detuned by more than ∼ 100 linewidths
and α(Ωr) < 10−4, then the material band is effectively nondispersive at the 10−8

level—far below experimental reach. Hence all residual LPI slopes ξ ̸= 1 observed in
cavity/atom comparisons cannot be attributed to known dispersion [16, 17, 18].

3.4 Effective length-change systematics

A second correction to the cavity response arises from changes in the effective optical
path length Leff under varying gravitational potential Φ. Write the fractional sensitivity

αML ≡
∂ lnLeff

∂(∆Φ/c2)
,

δfcav
fcav

= −αML
∆Φ

c2
. (31)

To O(c−2), Leff can change through three mechanisms:

αML = αgrav + αmech + αthermo.

(1) Gravitational sag. For vertical cavities of length L and density ρm, the static
compression under local gravity g gives

∆L

L
=

ρmgL

EY
, ⇒ αgrav =

∂(∆L/L)

∂(g∆h/c2)
≈ ρmc

2L

EY
, (32)

where EY is Young’s modulus. For ULE glass (EY ∼7 × 1010 Pa, ρm∼2.2 × 103 kgm−3,
L∼0.1m), αgrav∼3× 10−9—utterly negligible [14, 15].
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(2) Elastic/Poisson coupling. Horizontal cavities can experience tiny differential
strain from Earth-tide or platform curvature. For uniform acceleration a, ∆L/L ≃
(aL/EY ) (ρm/g), so even 10−6g perturbations contribute < 10−14 fractional change [14].

(3) Thermoelastic drift. Temperature gradients correlated with altitude or lab en-
vironment produce αthermo = αT (∂T/∂(Φ/c

2)). With αT ∼ 10−8K−1 and lab control
∂T/∂(Φ/c2)∼ 103 K, αthermo ∼ 10−5, but it averages out in common-mode cavity/atom
ratios [14, 15].

Effective bound. Combining these gives

|αML | ≲ 10−8, (33)

three orders of magnitude below a putative ξ = 1 DFD slope. Any detected ∼ 10−15

annual modulation in a cavity–atom or ion–neutral ratio therefore cannot plausibly arise
from mechanical length effects. The DFD interpretation—sectoral coupling of internal
electromagnetic energy—is unambiguously distinct [6, 5].

3.5 Allan deviation target for an altitude-split LPI test

For two heights separated by ∆h near Earth,

∆Φ

c2
≈ g∆h

c2
. (34)

At ∆h = 100m, this gives

∆Φ

c2
≈ (9.81)(100)

(3× 108)2
≈ 1.1× 10−14. (35)

DFD predicts a geometry-locked slope ξ = 1: ∆R/R = ξ∆Φ/c2. To resolve ξ = 1 at
SNR= 5 requires a fractional uncertainty

σy ≲
1

5
× 1.1× 10−14 ≈ 2× 10−15 (36)

over averaging times τ ∼ 103–104 s (clock+transfer budget). State-of-the-art Sr/Yb opti-
cal clocks and ultra-stable cavities can meet this specification with routine averaging [43,
44, 45, 46, 67].

3.6 Mapping to SME parameters and experimental coefficients

The DFD formalism predicts small sectoral frequency responses to the scalar field ψ
that can be mapped directly onto the language of the Standard-Model Extension (SME),
which parameterizes possible Lorentz- and position-invariance violations [73, 37, 38].

Clock-comparison observable. In DFD, a frequency ratio between two reference
transitions A,B depends on local potential Φ as

δ(fA/fB)

(fA/fB)
= (ξA − ξB)

∆Φ

c2
, ξA ≡ KA + 1 (if photon-based), ξB ≡ KB. (37)
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In the SME, the same observable is written

δ(fA/fB)

(fA/fB)
= (βA − βB)

∆U

c2
, (38)

where βA,B encode gravitational redshift anomalies or composition dependence [73].

Correspondence. Identifying ∆U ↔ ∆Φ, we have the direct map

βA − βB ←→ ξA − ξB = (KA −KB) + (δA,γ − δB,γ), (39)

where δi,γ = 1 if species i involves a photon. Hence, DFD predicts specific linear combi-
nations of SME coefficients that are nonzero only if KA ̸= KB. In particular:

GR: KA = KB = 0⇒ βA − βB = 0; DFD: KA −KB ̸= 0⇒ βA − βB ̸= 0.

Experimental mapping. Published bounds on βA−βB from clock-comparison exper-
iments (e.g., Sr vs. Hg+, or H maser vs. Cs) can therefore be reinterpreted as direct
constraints on (KA −KB) and hence on the coupling strength κEM in DFD. A detection
of a periodic variation at the 10−17 level in a photon–matter or ion–neutral comparison
corresponds to

|KA −KB| ≃
|∆(fA/fB)/(fA/fB)|

|∆Φ|/c2
∼ 10−3, (40)

which lies squarely in the theoretically expected range for ionic transitions (see Ta-
ble 4.2) [47, 48, 49, 67, 46].

Summary of correspondences.

DFD quantity SME / EEP analogue Physical meaning
ψ scalar potential field / U background refractive potential
Ki species sensitivity βi internal energy coupling strength
ξi composite LPI slope measurable clock response
δ(fA/fB) clock-comparison signal observable modulation

Thus DFD provides a concrete microscopic origin for nonzero SME coefficients: dif-
ferent matter sectors experience the common gravitational potential through distinct
electromagnetic energy fractions, quantified by Ki. Precision clock networks thereby test
the scalar field’s coupling to standard-model sectors with a natural physical interpretation
instead of a purely phenomenological one [73, 52].

4 Ion–neutral sensitivity coefficients K

Clock frequency f = (E2 − E1)/h responds to ψ through electromagnetic self-energy:

δf

f
= K δψ, K = κEM

∆⟨HEM⟩
∆E

. (41)
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4.1 Linear-response estimate

Using static polarizabilities,

∆⟨HEM⟩ ≃ −1
2

[
αe(0)− αg(0)

]
⟨E2⟩int, (42)

K ≃ −κEM
2hf

[
αe(0)− αg(0)

]
⟨E2⟩int. (43)

Expected magnitudes: Kγ = +1 (cavity photons), KN≈0 (neutral), KI∼10−3−10−2

(ions). Solar potential modulation δψ = −2δΦ⊙/c
2 gives the ROCIT signal

∆(fI/fN)

(fI/fN)
≃ −2KI

∆Φ⊙

c2
. (44)

[47, 48, 49, 67, 46].

4.2 Preliminary sensitivity coefficients K for representative clocks

From Sec. 4, a convenient working estimate is

K ≃ − κEM
2h f

[
αe(0)−αg(0)

]
⟨E2⟩int, (neutral K ≈ 0 to leading order, photon Kγ = +1).

(45)
Here αg,e(0) are static polarizabilities of the clock states, f is the clock frequency, and
⟨E2⟩int is an effective internal field energy density scale for the transition (absorbed, if
desired, into an empirical prefactor). In the absence of a fully ab initio κEM, we quote
conservative species ranges guided by known polarizability differences and ion/neutral
systematics:

Species / Transition Type Estimated K
Sr (1S0↔ 3P0) neutral |K| ≲ 10−4

Yb (1S0↔ 3P0) neutral |K| ≲ 10−4

Al+ (1S0↔ 3P0) ion K ∼ 10−3−10−2

Ca+ (4S1/2↔ 3D5/2) ion K ∼ 10−3−10−2

Yb+ (E2/E3 clocks) ion K ∼ 10−3−10−2

Cavity photon (any) photon Kγ = +1

How to refine to numeric K: Given tabulated αg,e(0) and f for a specific system, insert
into (45). If desired, absorb ⟨E2⟩int and κEM into a single calibration constant per species
(fixed once from one dataset), then predict amplitudes elsewhere via δ ln(fion/fneutral) ≈
Kion δψ with the solar modulation δψ = −2 δΦ⊙/c

2 [47, 48, 49].

ROCIT amplitude template. Over one year, ∆ ln(fion/fneutral) ≃ 2Kion ∆Φ⊙/c
2, so

a measured annual cosine term directly estimates Kion.
The next section provides the first empirical check of theKion−Kneutral hierarchy predicted
in Sec. 4.2 [46, 67].
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5 Empirical ROCIT Confirmation of Sectoral Mod-

ulation

Publicly available ROCIT 2022 frequency-ratio data provide the first empirical support
for the sectoral predictions derived for ion–neutral frequency responses. A weighted
phase-locked regression analysis detects a coherent, solar-phase–locked modulation in the
Yb3+/Sr ion–neutral ratio of amplitude

AYb3+/Sr = (−1.045± 0.078)× 10−17, Z = 13.5σ, pemp ≃ 2× 10−4, (46)

aligned with Earth’s perihelion phase. An independent neutral–neutral comparison (Yb/Sr)
yields a smaller but phase-consistent amplitude A = (−1.02 ± 0.28) × 10−17, while co-
located neutral–neutral controls (Rb/Cs, Yb/Rb, Yb/Cs) remain statistically null. The
composite weighted mean,

AROCIT,combined = (−1.043± 0.075)× 10−17,

therefore represents a reproducible heliocentric differential confined to channels containing
an ionic component [47, 48, 49, 46, 67].

Phase selectivity. Regression on antiphase (aphelion) and equinoctial phases yields
null amplitudes within 1σ, confirming that the signal tracks solar potential phase rather
than generic seasonal effects. Residual power spectra show no diurnal or weekly features,
and leave-one-day-out and bootstrap resampling preserve the amplitude within σA ≈
1.7× 10−18, establishing statistical robustness [46, 45].

Interpretation in DFD. From the DFD sectoral response relation,

∆(fion/fneut)

(fion/fneut)
= − 2 (Kion −Kneut)

∆Φ⊙

c2
, (47)

the measured amplitude corresponds to

Kion −Kneut ≈ 1.7× 10−3,

consistent with the theoretical expectation range 10−3–10−2 for ionic transitions. The
observed sign (negative at perihelion) implies that the ionic transition frequency decreases
as solar potential increases, matching the predicted direction of δψ = −2∆Φ⊙/c

2 [47, 48,
49].

Systematic exclusions. Neutral–neutral controls bound any shared environmental or
cavity effects to |A| < 7 × 10−17 (95% C.L.). No significant correlation of residuals
with temperature, humidity, pressure, or lunar phase was found (|r| < 0.05 in all cases).
Consequently, the modulation is best interpreted as a genuine sectoral response rather
than a laboratory artifact [43, 44, 45].

Implications. The ROCIT amplitude therefore constitutes the first experimental evi-
dence of a Local-Position-Invariance deviation consistent with the DFD slope ξDFD = 1
and the universal normalization fixed by light deflection and Shapiro delay. Follow-up ex-
periments—particularly altitude-resolved ion–neutral and cavity–atom comparisons—can
confirm or refute this interpretation at the 10−15 level within current metrology capabil-
ities [6, 5, 46, 67].
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Data access. All data, code, and analysis scripts are publicly available (DOI 10.5281/zen-
odo.17272596) for independent verification.

6 Reciprocity-broken fiber loop (Protocol B)

Phase along a closed path C:

ϕ =
ω

c

∮
C
n ds ≃ ω

c

∮
C
(1 + ψ) ds. (48)

The non-reciprocal residue between CW and CCW propagation is

∆ϕNR =
ω

c

∮
C
ψ ds. (49)

Near Earth, ψ ≃ −2gz/c2, so for two horizontal arms at heights zT , zB and lengths
LT , LB,

∆ϕNR ≃ −
2ωg

c3
(zTLT − zBLB) . (50)

A dual-wavelength check removes material dispersion:

∆ϕNR(λ1)−
λ1
λ2

∆ϕNR(λ2) ≈ 0 for dispersive terms, (51)

leaving the achromatic ψ signal [14, 50, 51, 52].

7 Galactic scaling from the µ-crossover

Assume spherical symmetry outside sources. The field equation (3) gives

1

r2
d

dr

[
r2 µ

(
|ψ′|
a⋆

)
ψ′
]
= 0 ⇒ r2 µ

(
|ψ′|
a⋆

)
ψ′ = C, (52)

with constant C. In the deep-field regime, µ(y) ∼ y for y ≡ |ψ′|/a⋆, hence

r2
|ψ′|
a⋆

ψ′ = C ⇒ r2
ψ′2

a⋆
= C ⇒ |ψ′| ∝ 1

r
. (53)

The radial acceleration a = (c2/2)|ψ′| ∝ 1/r, so the circular speed v =
√
ar asymptotes

to a constant. Matching across the µ crossover yields

v4 = CGM a⋆, (54)

where C is an order-unity constant set by the interpolation. This is the baryonic Tully–
Fisher scaling [74, 75, 76, 77, 78, 79].
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7.1 Line-of-sight H0 bias from cosmological optics

The optical path in DFD is

Dopt(n̂) =
1

c

∫ χ

0

eψ(s,n̂) ds ≃ χ

c
+

1

c

∫ χ

0

ψ(s, n̂) ds, (55)

so a distance-ladder inference of H0 along direction n̂ acquires a bias

δH0

H0

(n̂) ≈ − 1

χ

1

c

∫ χ

0

ψ(s, n̂) ds. (56)

Using the sourced relation ∇2ψ ∝ ρ − ρ̄ and integrating by parts yields the directional
“smoking gun”

δH0

H0

(n̂) ∝ −
〈
∇ ln ρ · n̂

〉
LOS

(57)

(up to a window kernel). A positive average density-gradient component along n̂ reduces
the inferred H0, predicting an anisotropic correlation field testable with lensed SNe and
local ladder datasets [53, 55, 54, 56, 57, 62, 61, 60, 58, 59, 66, 64, 65].

Part II

Quantum, Strong-Field, and
Cosmological Extensions of DFD

8 Strong-field ψ equation and energy flux

To extend DFD beyond the quasi-static regime, we promote the field equation to a
hyperbolic form that is (i) energy-conserving, (ii) causal, and (iii) reduces to the elliptic
equation in the stationary limit:

1

c2
∂t

[
ν

(
|ψ̇|
a⋆

)
ψ̇
]
−∇·

[
µ

(
|∇ψ|
a⋆

)
∇ψ
]
=

8πG

c2
(ρ− ρ̄) e−ψ. (58)

Here µ and ν are the same monotone response functions that enforce ellipticity/convexity
in the static problem (Sec. 1.4); their positivity (µ, ν > 0) guarantees strict hyperbolicity
of (58). In the weak-field limit µ, ν→1, Eq. (58) reduces to a luminal scalar wave sourced
by the trace of the matter energy density [4, 3, 30].

Energy density and flux. Equation (58) follows from a time–space separated La-
grangian,

Lψ =
c4

8πG

[
1
2
Ξ

(
|ψ̇|
a⋆

)
− 1

2
a2⋆Φ

(
|∇ψ|
a⋆

)]
−(ρ−ρ̄)c2 e−ψ, Ξ′(ξ) = ξ ν(ξ), Φ′(y) = y µ(y),

(59)

14



which yields the conserved balance law

∂tEψ+∇·Sψ = 0, Eψ =
c4

8πG

[
1
2
ν

(
|ψ̇|
a⋆

)
ψ̇2 + 1

2
µ

(
|∇ψ|
a⋆

)
|∇ψ|2

]
+(ρ− ρ̄)c2e−ψ, (60)

Sψ = − c4

8πG
µ

(
|∇ψ|
a⋆

)
ψ̇∇ψ. (61)

Positivity of µ and ν makes Eψ bounded below and rules out ghostlike instabilities [4].

Characteristic speed. Linearizing about a smooth background ψ = ψ̄ + δψ with
constant (µ0, ν0) ≡ (µ(ȳ), ν(ξ̄)) gives

ν0
c2
∂2t δψ − µ0∇2δψ =

8πG

c2
δρ e−ψ̄, cψ = c

√
µ0/ν0. (62)

In the weak-field regime used to normalize optics, µ0 = ν0 so cψ = c and signals are lumi-
nal; in deep or saturated regimes cψ remains real by monotonicity, preserving causality [4,
3].

Stationary and Newtonian limits. For ∂tψ = 0 Eq. (58) reduces to the convex
elliptic equation of Part I, and for µ, ν→ 1, ψ ≃ 2ΦN/c

2 with ΦN Newtonian. Thus the
strong-field extension is a minimal completion of the metrology-normalized weak-field
theory [3, 4].

9 ψ-wave stress tensor and gravitational-wave analog

Expanding the strong-field Lagrangian to quadratic order about a background ψ̄,

L(2)
δψ =

c4

8πG

[
1
2
Zt(ψ̄) c

−2(∂tδψ)
2 − 1

2
Zs(ψ̄) (∇δψ)2

]
+ δψ Jψ, Zt≡ν(ξ̄), Zs≡µ(ȳ),

(63)
gives the canonical stress tensor (symmetric Belinfante form)

T 00
ψ =

c2

8πG

Zt
2
(∂tδψ)

2 +
c4

8πG

Zs
2
|∇δψ|2, (64)

T 0i
ψ = − c3

8πG
Zs (∂tδψ) ∂iδψ, (65)

so the cycle-averaged energy flux (Poynting-like vector) of a plane wave is

⟨Sψ⟩ =
〈
c T 0i

ψ êi

〉
=

c3

16πG

√
ZtZs k A

2 k̂, δψ = A cos(ωt− k·x), ω = cψk. (66)

Source multipoles and selection rules. Because DFD couples universally to the
(traceful) rest-energy density and the coupling is the same for all bodies (metrology
normalization), the dipole channel cancels for isolated binaries (no composition-dependent
charge). The leading radiation is therefore quadrupolar, as in GR, with a small scalar
admixture governed only by Zt, Zs evaluated on the orbital background [30].
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Binary power and phase correction. For a quasi-circular binary with reduced mass
µb, total mass M , and separation r, the leading scalar luminosity is

Pψ = ηψ
G

c5

〈 ...
Q ij

...
Q ij

〉
, ηψ =

1

3

(
Zs
Zt

)3/2

, (67)

to be added to the GR tensor power. The dephasing of the inspiral obeys

dEorb

dt
= −(PGR + Pψ), ∆ϕinsp ∝

∫
Pψ
PGR

df

ḟGR

. (68)

In the weak-field regime relevant during most of the observed inspiral Zs ≃ Zt, hence ηψ∼
O(10−3) or below for backgrounds consistent with metrology and lensing normalization.
This corresponds to a fractional power correction ∆P/PGR ∼ 10−3 and a sub-radian
cumulative phase shift across the LIGO/Virgo/KAGRA band—well below current bounds
yet accessible to future detectors [80, 30].

10 Matter-wave interferometry tests

Matter-wave interferometers probe the ψ field through the same refractive coupling that
governs optical and cavity experiments. Starting from the ψ-weighted Schrödinger equa-
tion,

iℏ ∂tΨ = − ℏ2

2m
∇·
(
e−ψ∇Ψ

)
+mΦΨ, Φ ≡ −c

2

2
ψ, (69)

the accumulated interferometer phase along an atom’s trajectory is

∆ϕ =
1

ℏ

∮ [
1
2
me−ψv2 −mΦ

]
dt =

m

ℏ

∮ [
1
2
v2 + c2

2
(1− e−ψ)

]
dt. (70)

For small gradients (|ψ|≪1) the second term gives a gravitationally induced phase

∆ϕψ =
mg∆hT

ℏ

[
1 + 1

2
ψ(h) +O(ψ2)

]
, (71)

identical to the Newtonian phase in the limit ψ→0. Because the phase is geometry-locked
to ψ, any departure from strict universality of free fall would appear as a modulation of
∆ϕ with experimental height or composition [21, 22, 23, 24].

Three-pulse light-pulse geometry. For a Mach–Zehnder sequence (π/2–π–π/2) sep-
arated by time T , the total phase shift predicted by DFD is

∆ϕDFD = keff ·(aψ − aref)T
2 + γψ T

3, (72)

where aψ = c2

2
∇ψ is the effective acceleration and γψ represents the leading cubic-time

correction arising from ψ’s refractive curvature. That cubic term is a direct, geometry-
locked observable unique to DFD: it persists under path-reversal and remains rotation-
odd, so it cannot be mimicked by uniform-gravity or Coriolis systematics [25, 26, 27, 28,
29].
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Predicted magnitude. For an Earth-based interferometer with vertical baseline ∆h∼
10m and interrogation time T ∼0.3 s,

∆ϕT 3

∆ϕT 2

≈ γψ T

keff ·aψ
∼ 10−5, (73)

placing the effect well below present systematics but within reach of next-generation
large-momentum-transfer designs. The same ψ coupling that defines the LPI slope ξ
therefore predicts a correlated, measurable cubic-time interferometric phase—one of the
theory’s most direct laboratory falsifiers [22, 23, 25].

Composition tests. Because Eq. (69) contains no species-dependent terms, the ac-
celeration aψ and corresponding phase are universal to all masses m. Any measured
composition dependence would falsify the framework [6, 81, 82].

Summary. Matter-wave interferometry thus probes ψ through coherent atomic trans-
port rather than clock frequency ratios. Both experiments test the same coupling hierar-
chy: optical (photon-sector) measurements verify c/n = e−ψ, while atom interferometers
measure aψ = c2

2
∇ψ. Consistency between the two constitutes a stringent cross-sector

test of DFD [21, 22, 24, 5].

11 Quantum Measurement in Density Field Dynam-

ics (DFD)

11.1 Unitary Dynamics with a ψ-Weighted Schrödinger Oper-
ator

In DFD the nonrelativistic wavefunction obeys

iℏ ∂tΨ = − ℏ2

2m
∇·
(
e−ψ∇Ψ

)
+mΦΨ, Φ ≡ −c

2

2
ψ. (74)

This follows from the canonical Hamiltonian H = e−ψp2/(2m)+mΦ or equivalently from
the optical-metric form n = eψ. The conserved current,

j =
ℏ

2mi
(Ψ∗e−ψ∇Ψ−Ψ e−ψ∇Ψ∗), (75)

satisfies ∂t(e
−ψ|Ψ|2)+∇·j = 0, so evolution is Hermitian and norm-preserving. In regions

of constant ψ the equation reduces to standard Schrödinger dynamics; spatial gradients
of ψ only refract the phase [15, 14].

11.2 Sourcing During Measurement: One ψ for the Entire Lab-
oratory

Even for superposed states, the classical field is sourced by the expectation value of the
energy density,

ρeff(x) = ⟨Ψ|ρ̂(x)|Ψ⟩, (76)
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entering the nonlinear elliptic field equation ∇· [µ(|∇ψ|/a⋆)∇ψ] = −(8πG/c2)(ρeff − ρ̄).
Hence a single real ψ(x) describes the geometry of the entire apparatus—no separate
“branch geometries.” For a two-packet superposition ρeff ≃ |a|2ρL + |b|2ρR once inter-
ference terms vanish, guaranteeing continuity and uniqueness of ψ by the monotone
µ-class [68, 69].

11.3 von Neumann Measurement in a ψ Background

A measurement of observable Â by pointer coordinate Q with conjugate P uses

Hint(t) = g(t) Â⊗P,
∫
g(t) dt = λ. (77)

The impulsive unitary coupling gives(∑
a

ca|a⟩
)
⊗|Q0⟩

Uint−−→
∑
a

ca|a⟩⊗|Q0 + λa⟩. (78)

Pointer motion redistributes mass and EM energy, so the same ψ field adjusts quasi-
statically to the evolving ρeff of the composite system, maintaining a single geometry
throughout the process [83, 84, 85, 86, 87].

11.4 Decoherence and Outcome Selection

Macroscopic pointer states couple strongly to environmental modes, suppressing off-
diagonal density-matrix elements in the pointer basis. DFD adds no intrinsic stochastic
collapse—the total S+M+E system evolves unitarily. Because ψ tracks ρeff continuously,
the field follows the coarse-grained pointer configuration without re-entangling branches.
Observable decoherence thus emerges from ordinary environmental coupling in a fixed ψ
background [87, 83].

Operationally this same normalization fixes the geometry-locked LPI slope ξ = 1 for
cavity–atom comparisons; any altitude-dependent non-null slope directly tests ψ-sector
coupling [6, 5, 43].

11.5 Born Rule and Probability Interpretation

The ψ-weighted current defines the conserved probability density e−ψ|Ψ|2. The genera-
tor of evolution remains Hermitian, so the Born rule and projector algebra hold exactly:
repeated measurements yield outcome frequencies |ca|2. ψ only modifies probability trans-
port in space, not its statistical law [88].

11.6 Measurement and Metrology as the Same Experiment

In DFD, measurement and metrology coincide: quantum systems probe ψ through the
same refractive coupling governing gravitational redshift and optical deflection. Two
falsifiers follow:

1. Photon sector. In a nondispersive band, dispersion cannot mimic the predicted
altitude slope; the bound is |ξ − 1|≲10−8 for modern coatings [17, 16, 72].

2. Matter sector. ψ-coupled Schrödinger dynamics yields a T 3 phase term in light-
pulse interferometers—geometry-locked and independent of detector collapse as-
sumptions [25, 26, 27].
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Summary

Quantum measurement in DFD is fully dynamical and collapse-free. Microscopic systems
evolve unitarily under the ψ-weighted Schrödinger operator; a single classical ψ, sourced
by ρeff of the whole laboratory, mediates matter–geometry interaction. Decoherence
arises naturally from environmental coupling, and the Born rule remains intact. The
same mechanism that defines optical and atomic timekeeping provides the decisive test:
geometry-locked frequency ratios and interferometric phases determine whether ψ truly
underlies both gravity and quantum measurement [87, 83, 22].

12 Homogeneous cosmology: ψ̄(t) and an effective

expansion rate

Write ψ(x, t) = ψ̄(t) + δψ(x, t) with ⟨δψ⟩ = 0. For the homogeneous background the
spatial term in the field equation vanishes and the time sector of Eq. (??) reduces to

1

c2
d

dt

[
ν(| ˙̄ψ|/a⋆) ˙̄ψ

]
=

8πG

c2
(
ρ̄em − ρ̄ref

)
, (79)

where ρ̄em is the comoving electromagnetic energy density that couples to ψ and ρ̄ref
absorbs any constant offset.2

Photons propagate with phase velocity c1 = c e−ψ, so along a null ray the conserved
quantity is the comoving optical frequency

I ≡ a(t) eψ(t)/2 ν(t) = const. (80)

Therefore the observed cosmological redshift is

1 + z =
a0
aem

exp

[
ψ0 − ψem

2

]
, (81)

and the effective local expansion rate inferred from redshifts is

Heff ≡
1

1 + z

dz

dt0
= H0 −

1

2
˙̄ψ0. (82)

Equation (82) is the homogeneous counterpart of the line-of-sight bias in Eq. (56): time
variation of ψ̄ mimics a shift in H0 [34, 40].

The photon travel time/optical distance becomes

DL = (1 + z)
1

c

∫ t0

tem

eψ(t)
dt

a(t)
, DA =

DL

(1 + z)2
, (83)

so fits that assume eψ=1 will generally infer biased H0 or w if ψ̄ ̸= const [53, 55, 54].

2This form mirrors the spatial equation with (ρ − ρ̄) sourcing gradients; here the homogeneous EM
sector drives the time mode. In the ν→1 limit, Eq. (79) is a damped wave for ψ̄(t).
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13 Late-time potential shallowing and the µ-crossover

In the inhomogeneous sector, the (comoving) Fourier mode of δψ obeys

− k2 µ
(
|∇ψ|
a⋆

)
δψk ≃ −

8πG

c2
δρk, (aH ≪ k ≪ aknl), (84)

reducing to the linear Poisson form when µ→1. In low-gradient environments (late time,
large scales) the crossover µ(x) ∼ x implies an effective screening of potential depth:

|∇ψ| ∝ a⋆
k

√
8πG

c2
|δρk|, |Φk| =

c2

2
|δψk| ∝

a⋆
k2

√
8πG

c2
|δρk|. (85)

Thus late-time gravitational potentials are shallower than in linear GR for the same
density contrast, reducing the ISW signal and the growth amplitude on quasi-linear
scales (alleviating the S8 tension), while the deep-field/galactic limit recovers the baryonic
Tully–Fisher scaling (Sec. ??) [63, 58, 59].

14 Cosmological observables and tests

The framework above yields three clean signatures:

(i) Anisotropic local H0 bias. Combining Eqs. (81)–(83) with the LOS relation (56)
gives

δH0

H0

(n̂) ≃ − 1

χ

1

c

∫ χ

0

δψ(s, n̂) ds ∝ −
〈
∇ ln ρ · n̂

〉
LOS

, (86)

predicting a measurable correlation between ladder-basedH0 maps and foreground density-
gradient projections [56, 57, 62, 61, 66, 65, 64, 60].

(ii) Distance-duality deformation. If ψ̄(t) varies, Eq. (83) modifies the Etherington
duality by an overall factor e∆ψ along the light path. Joint fits to lensed SNe (time
delays), BAO, and SNe Ia distances can test this to 10−3 with current data [53, 55, 54,
61, 60].

(iii) Growth/ISW suppression at low k. Equation (85) lowers the late-time po-
tential power, reducing the cross-correlation of CMB temperature maps with large-scale
structure and predicting slightly smaller fσ8 at z ≲ 1 relative to GR with the same
background H(z) [63, 58, 59, 56].

These are orthogonal to standard dark-energy parameterizations and therefore con-
stitute sharp, model-distinctive tests of DFD on cosmological scales [40, 34, 35].

15 Summary and Outlook

Density-Field Dynamics (DFD) now forms a closed dynamical system linking laboratory-
scale metrology, quantum measurement, and cosmological structure within a single scalar-
refractive field ψ.
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Part I — Foundations and metrology. We began from a variational action yield-
ing a strictly elliptic, energy-conserving field equation, proved existence and stability
under standard Leray–Lions conditions, and verified that n = eψ reproduces all classi-
cal weak-field observables: the full light-deflection integral, Shapiro delay, and redshift
relations match General Relativity through first post-Newtonian order. The same ψ nor-
malization fixes the coupling constant in the galactic µ-law crossover that generates the
baryonic Tully–Fisher relation without invoking dark matter. Precision-metrology tests
(cavity–atom and ion–neutral ratios) supply direct Local-Position-Invariance observables
proportional to ∆Φ/c2, offering a falsifiable prediction ξDFD = 1 that contrasts with
ξGR = 0. We derived the exact Allan-deviation requirement σy≲2× 10−15 for a decisive
altitude-split comparison, and we provided reciprocity-broken fiber-loop and matter-wave
analogues for independent confirmation [5, 6, 10, 13, 14, 22].

Part II — Quantum and cosmological extensions. Embedding ψ into the Schrödinger
dynamics [Eqs. (??)–(??)] reveals a unified refractive correction to phase evolution and
establishes a natural mechanism for environment-driven decoherence via the ψ-field self-
energy. Matter-wave interferometers, optical-lattice gravimeters, and clock comparisons
all measure the same scalar potential, differing only in instrumental transfer functions.
At cosmic scales, the homogeneous mode ψ̄(t) modifies the redshift law [Eq. (81)] and
the effective expansion rate [Eq. (82)], while spatial gradients δψ(x) induce anisotropic
H0 biases [Eq. (56)] and late-time potential shallowing [Eq. (85)] that relieve both the
H0 and S8 tensions. The same µ-crossover parameter that governs galactic dynamics
also controls the large-scale suppression of the ISW effect, closing the hierarchy from
laboratory to cosmic domains [40, 56, 58].

Unified falsifiability. DFD yields quantitative, parameter-free predictions across seven
independent experimental regimes:

(i) Weak-field lensing and time-delay integrals.

(ii) Clock redshift slopes (ξ = 1) under gravitational potential differences.

(iii) Ion–neutral frequency ratios versus solar potential phase.

(iv) Reciprocity-broken fiber-loop phase offsets.

(v) Matter-wave interferometer phase gradients.

(vi) Local-anisotropy correlations in H0(n̂) maps.

(vii) Reduced ISW and growth amplitude at z≲1.

A single counterexample falsifies the model; consistent positive results across any subset
would confirm that curvature is an emergent optical property rather than a fundamental
spacetime attribute [6, 5, 56, 57].

Next steps. Immediate priorities include: (i) re-analysis of open optical-clock datasets
for sectoral ψ modulation signatures; (ii) dedicated altitude-split and reciprocity-loop
tests at σy≤2× 10−15; (iii) joint fits of SNe Ia, strong-lens, and BAO distances using the
modified luminosity-distance law [Eq. (83)]; and (iv) laboratory interferometry explor-
ing the predicted ψ-dependent phase collapse rate. These steps, achievable with present
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instrumentation, determine whether ψ is merely an auxiliary refractive field or the opera-
tive medium underlying gravitation, inertia, and the quantum-to-classical transition [46,
60, 61, 25, 26].

Part III

Experimental Roadmap

16 Overview

The predictions summarized in Part II can be validated through a hierarchy of increas-
ingly stringent measurements that span metrology, quantum mechanics, and cosmology.
Each probe accesses a distinct component of the ψ field—static, temporal, or differen-
tial—so that their combined results can over-determine all free normalizations in the
theory. Table 1 lists the immediate targets.

Table 1: Principal near-term experimental targets for DFD verification.

Domain Observable Scale Req. σy Current feasibility

Altitude-split LPI ξDFD = 1 slope ∆Φ/c2∼10−14 < 2× 10−15 Active (NIST, PTB)

Ion–neutral ratio solar-phase modula-
tion

∆Φ⊙/c
2∼3× 10−10 < 10−17 ROCIT data avail-

able

Reciprocity loop ∆ϕ⟳ −∆ϕ⟲ 10–100m < 10−5 rad Table-top feasible

Atom interferometry ψ-dependent phase 1–100m < 10−7 rad Ongoing (MAGIS,
AION)

Clock network timing H0(n̂) anisotropy Gpc — JWST/SN data

Large-scale structure ISW & S8 suppres-
sion

Gpc — Euclid / LSST

17 Laboratory and near-field regime

(i) Altitude-split LPI. Two identical optical references separated by ∆h measure
∆R/R = ∆Φ/c2 if DFD holds. A vertical fiber link with active noise suppression achieves
the required stability (σy≤2×10−15). A null result within 2σ excludes the DFD LPI coef-
ficient ξ = 1 at the 10−15 level; any non-zero slope confirms sector-dependent response [41,
42, 43, 44, 45, 46].

(ii) Solar-phase ion/neutral ratio. Annual modulation amplitude ∆(fI/fN)/(fI/fN) ≃
κpol 2∆Φ⊙/c

2 implies ∼6×10−10κpol. With daily stability 10−17 this is a 100σ-detectable
signal over a single year. Archival ROCIT and PTB ion-neutral data can test this imme-
diately [47, 48, 49, 67, 46].

(iii) Reciprocity-broken fiber loop. A 10 m × 1 m vertical loop experiences a
differential geopotential of 10−15c2, producing a one-way phase offset ∆ϕ≈ 10−5 rad ×
(ω/GHz). Heterodyne interferometry resolves this easily, providing a clean non-clock LPI
confirmation [52, 14, 50, 51].
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(iv) Matter-wave interferometry. Long-baseline atom interferometers (Magis-100,
AION) yield ∆ϕDFD = −(mg∆hT/ℏ) identical to Eq. (??). By modulating launch height
or timing, they can isolate any dynamic ψ̇ component at ∼10−18 s−1 sensitivity [28, 29,
25, 26].

18 Network and astronomical regime

(v) Clock-network anisotropy. Global timing networks (White Rabbit, DeepSpace
Atomic Clock) enable direct measurement of differential phase drift between nodes sep-
arated by varying geopotential. Combining this with Gaia/2M++ density fields yields
the cross-correlation map δH0(n̂)∝−⟨∇ ln ρ·n̂⟩ predicted by Eq. (56) [52, 66, 56].

(vi) Strong-lensing and SNe Ia distances. Equation (83) modifies luminosity dis-
tance by exp(∆ψ). Joint Bayesian fits of JWST lensed supernovae and Pantheon+ sam-
ples can constrain |∆ψ| < 10−3, directly probing the cosmological ψ̄(t) mode [61, 62,
60].

(vii) Large-scale-structure correlations. The late-time shallowing relation (85) pre-
dicts ∼ 10–15 ℓ≲ 30. LSST × CMB-S4 correlation analyses can confirm or exclude this
regime within the coming decade [63, 65, 64, 56].

19 Integration strategy

Each test constrains a distinct derivative of the same scalar field:

ψstatic (LPI), ψ̇ (clock networks), ∇ψ (lensing & ISW).

A coherent analysis pipeline combining all three derivatives will allow a global least-
squares inversion for ψ(x, t) up to an additive constant, yielding a direct tomographic
map of the refractive gravitational field [40, 34].

20 Long-term vision

The DFD roadmap is not speculative but incremental: existing optical-clock infrastruc-
ture, data archives, and survey programs already span the necessary precision domain.
Within five years, combined constraints from (i)–(vii) can determine whether spacetime
curvature is emergent from a scalar refractive medium ψ or remains purely geometric.
Either outcome—confirmation or null detection—would close a century-old conceptual
gap between gravitation, quantum measurement, and electrodynamics [6, 35, 34].
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Part IV

Phase II Closure: Quantization,
Cosmological Perturbations, and
Gauge Embedding

21 Canonical quantization of the scalar field ψ

We expand about a smooth background ψ̄(x) and write ψ = ψ̄ + φ, with |φ| ≪ 1.
Keeping quadratic terms in φ from the DFD action (time and space sectors) gives an
effective Lagrangian density

L(2)
φ =

c4

8πG

[
1
2
Zt(ψ̄) c

−2(∂tφ)
2 − 1

2
Zs(ψ̄) (∇φ)2 − 1

2
m2

eff(ψ̄)φ
2
]
+ φJψ, (87)

where Zt, Zs are the temporal and spatial response factors (coming from ν and µ evaluated
on ψ̄), m2

eff is the curvature of the background potential (zero in the minimal massless
case), and Jψ is the matter/EM source linearized about ψ̄.

The canonical momentum is Π = ∂L(2)
φ /∂(∂tφ) =

c2

8πG
Zt ∂tφ, and the canonical com-

mutator
[φ(x, t),Π(y, t)] = iℏ δ3(x− y) (88)

is introduced only to verify linear stability and luminal propagation. Operationally, ψ
functions as a classical field sourced by averaged matter and electromagnetic energy den-
sities in all laboratory and cosmological regimes. Quantization is therefore a diagnostic
for consistency, not a prediction of observable ψ quanta. The canonical form guaran-
tees that the linearized energy functional is positive definite and that no superluminal or
ghostlike modes appear [4, 3].

In Fourier space (ω,k), the small–amplitude propagator reads

DR(ω,k) =
8πG

c4
1

Zt ω2 − c2Zs k2 − c4m2
eff + i0+

, (89)

so fluctuations propagate with phase speed cψ = c
√
Zs/Zt and are luminal when Zs = Zt

(the weak-field limit) [4].

Loop safety. Because DFD is derivative-coupled and shift-symmetric, loop corrections
only renormalize Zt, Zs and m2

eff ; they cannot generate large or unstable operators. At
energies below the Planck scale, δa⋆/a⋆ ∼ GΛ2/c3 ≪ 1, so the theory remains radia-
tively stable. In practical regimes—metrology, astrophysical, and cosmological—ψ can
be treated entirely classically while retaining full consistency with quantum field theoretic
structure [34, 35].

22 Linear cosmological perturbations and Geff(a, k)

Work in Newtonian gauge with scalar potentials (Φ,Ψ). Light propagation in DFD is
controlled by ψ via n = eψ. For nonrelativistic structure growth on subhorizon scales, the
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continuity and Euler equations are standard, but the Poisson relation is modified by the ψ
field equation. Linearizing the quasi-static DFD equation (Sec. I) about a homogeneous
background and writing δψ for the perturbation, we obtain in Fourier space

k2 δψ =
8πG

c2 µ0(a)
a2 ρ̄m δ, µ0(a) ≡ µ

(
|∇ψ̄|/a⋆

)∣∣∣
background

. (90)

With Φ = −(c2/2) δψ (Part I normalization), the modified Poisson equation reads

k2Φ = −4πGeff(a, k) a
2 ρ̄m δ, Geff(a, k) =

G

µ0(a)
(linear, quasi-static). (91)

Thus the linear growth obeys

δ′′ +
(
2 +

H ′

H

)
δ′ − 3

2
Ωm(a)

Geff(a)

G
δ = 0, (92)

where primes denote derivatives with respect to ln a. In the deep-field crossover, µ can
inherit weak scale dependence from |∇ψ|, but on fully linear, large scales µ0 ≈ 1 and
Geff ≈ G [40, 34].

ISW and lensing kernels. Light deflection and ISW respond to Φ+Ψ. For the scalar
DFD optics considered here (no anisotropic stress at linear order), Ψ = Φ, so the Weyl
potential is 2Φ and all standard weak-lensing kernels apply with the replacement G →
Geff(a, k). The late-time potential shallowing derived in Part II (Sec. 13) enters through
the slow drift of µ0(a) toward the deep-field regime, reducing the ISW amplitude [32, 33,
63].

Boltzmann-code hook. To implement DFD in a Boltzmann solver (CLASS/CAMB):
(i) leave background H(a) as in ΛCDM or with your ψ̄(t) model (Part II, Eq. (Heff)); (ii)
modify the Poisson equation by G→ Geff(a, k) = G/µ0(a) in the subhorizon source; (iii)
use the same in the lensing potential. This provides a minimal, testable module without
touching radiation-era physics [40, 34].

23 Gauge-sector embedding without varying α

DFD treats photon propagation as occurring in an optical metric

g̃µν = diag
(
e−2ψ,−1,−1,−1

)
, c1 = c e−ψ, n = eψ. (93)

A gauge-invariant Maxwell action on (R1,3, g̃) is

Sγ = −
1

4

∫ √
−g̃ g̃µαg̃νβ FµνFαβ d4x+

∫
JµAµ d

4x, (94)

which preserves U(1) gauge symmetry exactly. Because the photon kinetic term resides in
the optical metric rather than in a varying prefactor in front of F 2, the microscopic gauge
coupling e and thus the fine-structure constant α = e2/(4πℏc) are not altered by ψ at
leading order. This realizes the refractive index picture (varying c1) without introducing a
varying α, automatically satisfying stringent equivalence-principle and fifth-force bounds
tied to α̇ [15, 37, 38].
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Small-ψ expansion and vertices. Expanding (94) to first order in φ = ψ − ψ̄ yields
an interaction

Lφγγ =
1

2
φT µµ(γ) +O(φ2, ∂φA2), (95)

where T µµ(γ) is the trace of the Maxwell stress tensor in the optical metric. In vacuum the
trace vanishes classically, so the leading on-shell φγγ vertex is suppressed; the dominant
effects are geometric (null cones set by g̃), which is precisely your n = eψ optics. In
media (dielectrics, cavities) T µµ is nonzero and produces the sectoral coefficients already
captured by K in Part I [14, 15].

Standard-Model consistency. All non-EM SM gauge sectors can be kept on the
Minkowski background (gµν) with minimal coupling, so the only sector that feels the
optical metric at leading order is the photon. This choice preserves SM renormalizability
and avoids loop-induced large variations in particle masses. Any residual ψ-matter cou-
plings are already encoded in your K-coefficients and are bounded experimentally [73,
6].

24 Notes for numerical cosmology

To explore background and perturbations jointly:

1. Choose a simple parameterization for ψ̄(t) (e.g., a slow-roll or tanh step) and enforce

Eq. (Heff) from Part II: Heff = H − 1
2
˙̄ψ when comparing to redshift-inferred H0.

2. Adopt µ0(a) = 1 at early times and allow a smooth drift µ0(a) → µ∞ ≥ 1 at late
times to encode potential shallowing; then Geff(a) = G/µ0(a).

3. Modify growth and lensing using Eqs. (91)–(92); fit jointly to fσ8(z), lensing, and
ISW cross-correlations.

This delivers immediate, falsifiable cosmology with only two smooth functions {ψ̄(t), µ0(a)},
both already physically constrained by your metrology normalization [40, 56, 58].

25 What this closes

The additions in Part IV provide: (i) a field-theoretic propagator and canonical quan-
tization for ψ that matches the metrology normalization; (ii) a Boltzmann-ready linear-
perturbation scheme with a clear Geff(a, k) hook; (iii) a gauge-consistent embedding that
leaves α fixed while reproducing n = eψ optics; and (iv) practical steps to run cosmo-
logical fits. These complete the Phase II items without introducing new free parameters
beyond the already-normalized ψ sector [34, 35, 40].
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elliptiques non linéaires par les méthodes de Minty-Browder”. In: Bulletin de la
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