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Abstract

We develop a covariant framework in which the locally measured rate of time arises as an emergent,
field-mediated property of the massless sectors—the photon, gluon, and a putative spin-2 graviton
represented through curvature invariants. The construction preserves Lorentz and gauge invariance
and recovers special and general relativity as limiting cases. A quaternionic time field is introduced to
encode sector-specific temporal components within a unified formalism, and a minimal Lagrangian is
derived in which their backreaction modulates the effective lapse. Phenomenological consequences are
outlined for black-hole horizons, inflationary cosmology, and precision laboratory regimes. The result-
ing theory yields a relational conception of time: co-located observers remain perfectly synchronized
within a shared field environment, while comparisons across distinct environments reveal measurable
differentials in temporal rate.
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1. Introduction
Time has long served as the silent parameter of physics—the measure against which all change

is recorded. From Newton to Einstein, it has appeared either as an absolute background or as one
coordinate within a geometric manifold. The present work advances a different stance: the locally
experienced rate of time is treated as an emergent, relational observable that depends on the surrounding
configuration of massless fields. In this Field–Mediated Time (FMT) framework, electromagnetic,
chromodynamic, and curvature sectors collectively modulate a covariant lapse that multiplies ordinary
relativistic time dilation without disturbing causal structure. The result is a theory in which immersed
observers remain synchronized within a common field environment, while comparisons across distinct
environments reveal small, gauge–invariant differentials in clock rates.

Throughout the paper we work on a smooth Lorentzian manifold (M, gµν) of signature
(+,−,−,−), and we denote by uµ a unit timelike four–velocity satisfying uµuµ = 1. The opera-
tional rate that converts a coordinate parameter t into locally accumulated proper time dτ is encoded
by a dimensionless scalar lapse

dτ = N (x; u) dt, 0 < N (x; u) ≤ 1, (1)

which multiplies—rather than replaces—the usual kinematic factor from special relativity [1]. For an
observer moving at speed v relative to a local inertial frame, the composite dilation reads

dτ

dt
= N (x; u)

√
1 − v2

c2 . (2)
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Equation (2) makes explicit that FMT introduces a purely multiplicative correction to standard rela-
tivistic timing: all null cones and light speeds governed by gµν remain unchanged.

The lapse N is not a coordinate gauge choice; it is a covariant scalar functional of Lorentz–
and gauge–invariant quantities constructed from the massless sectors [2]. For later convenience we
introduce a real scalar potential τ(x) with characteristic temporal scale Λt and define

N (x; u) = exp
[
− τ(x)

2Λt

]
(3)

so that τ represents the dynamical response of the vacuum to invariant field intensities. In spatially
homogeneous Friedmann–Robertson–Walker settings we write N (t), while in general inhomogeneous
environments N (x; u) allows mild congruence dependence through invariant projections such as
T(i)

µν uµuν. The calligraphic symbol N distinguishes this physical lapse from the ADM lapse associated
with coordinate foliations.

The construction preserves the equivalence principle in its local form [1]. At any point p ∈ M,
one can adopt Riemann normal coordinates with ∂ρgµν(p) = 0, so that freely falling observers detect
no deviation from special–relativistic kinematics to first order [3]. Observable differences arise only
from accumulated gradients of N over extended regions, producing differential redshifts between
clocks placed in distinct field environments [4]. When all relevant invariants vanish, N →1 and the
standard relativistic description is exactly recovered [5].

The paper proceeds in three conceptual steps. First, Section 2 formulates a covariant dynamics for
the scalar potential τ sourced by gauge–invariant operators from the electromagnetic, chromodynamic,
and curvature sectors; the resulting stress–energy contributions are compatible with diffeomorphism
covariance and reduce smoothly to general relativity in the weak–coupling limit [6]. Second, Section 3
extends the scalar description to a quaternionic time field T = t0 + it1 + jt2 + kt3 valued in an internal
SU(2) ≃ Sp(1) bundle [7]. This internal geometry distinguishes sectoral directions of temporal modu-
lation while maintaining a single spacetime time coordinate and unitary evolution. Third, Section 4
develops the phenomenology across black–hole, cosmological, and laboratory regimes, emphasizing
the multiplicative structure of Equation (2) and the gauge–invariant dependence of N on field energy
densities [8]. Section 5 consolidates the symmetry, stability, and limiting behavior that ensure compati-
bility with relativity and precision metrology, and the Appendix assembles representative constraints
and experimental prospects.

To situate FMT among neighboring ideas, it is useful to note that, like scalar–tensor extensions, the
framework introduces a covariant scalar field that rescales the operational lapse [6]. Its sources, however,
are constructed from Lorentz– and gauge–invariant combinations of massless–sector scalars rather
than from the curvature scalar itself, thereby preserving local gravitational dynamics and avoiding
preferred–foliation effects. Unlike Einstein–Æther or khronometric models, no timelike vector field
is introduced [9–11]. The quaternionic internal structure linking electromagnetic, chromodynamic,
and gravitational contributions constitutes a distinctive element: it permits sectoral coherence without
introducing multiple physical time coordinates [12,13]. In this sense, FMT offers a concrete, gauge–
covariant realization of relational time while maintaining exact causal structure and a continuous limit
to standard relativity. FMT does not alter causal cones or the speed of light, does not introduce a
preferred timelike direction, and does not conformally rescale the metric; it modifies only the operational
rate of proper–time accumulation through the scalar lapse N (x; u).

Finally, to avoid ambiguity in notation, we summarize the standing conventions used throughout:
(M, gµν) carries signature (+,−,−,−); uµuµ = 1; the physical lapse is N (x; u) with homogeneous
specialization N (t); the scalar potential τ and scale Λt enter through Equation (3); and all kinematic
effects compose multiplicatively as in Equation (2). With these conventions fixed, we now turn to the
covariant dynamics of the scalar lapse in Section 2.
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2. Relational Time and Covariant Lapse
The guiding postulate of Field–Mediated Time (FMT) is that the locally measured rate of time,

represented by the lapse N (x; u) in Equation (1), is determined by Lorentz– and gauge–invariant
combinations of surrounding massless fields, in a way that preserves diffeomorphism covariance
and causal structure [14–16]. The scalar potential τ(x) introduced in Equation (3) is promoted to a
dynamical field whose coupling to invariant sources redistributes the effective rate of proper–time
accumulation. In the absence of sources, τ → 0 and N → 1. Isotropy in Friedmann–Robertson–
Walker backgrounds restricts N to N (t), while in general inhomogeneous settings we write N (x; u)
to allow mild congruence dependence through invariant projections along uµ. First we will define a
dimensionless scalar field,

ϕ =
τ

Λt
, N (x; u) = exp

[
−ϕ

2

]
. (4)

We work on a fixed background (M, gµν) with covariant action [15–17]

Sϕ =
∫

d4x
√
−g
[Λ2

t
2

∇µϕ∇µϕ − Λ4
t U(ϕ) + ∑

i
αi ϕ Ii(x)

]
, (5)

where the sectoral invariants are chosen as

Iγ ≡ 1
2

∣∣FµνFµν
∣∣, Ig ≡ 1

2
RµνρσRµνρσ, Is =

1
4

Ga
µνGa µν. (6)

The absolute value in Iγ ensures a real, intensity-based coupling in both electric- and magnetic-
dominated regimes while preserving Lorentz and gauge invariance. With the signature (+,−,−,−),
the overall sign in Equation (5) is chosen so that the free kinetic plus potential energy is nonnegative;
interaction terms are discussed below.

Throughout this section we keep U(ϕ) general. For weak-field, linear response it is convenient to
expand about ϕ = 0,

U(ϕ) =
1
2

m2
ϕ ϕ2 + O(ϕ3), (7)

which defines the mass parameter via m2
ϕ ≡ U′′(0). This mϕ will only be used to motivate the

effective susceptibility; all phenomenological couplings are packaged in the sectoral response scales
Λi ∈ {Λγ, Λs, Λg} introduced below.

Varying Sϕ with respect to ϕ and integrating by parts yields

Λ2
t□ϕ − Λ4

t U′(ϕ) + ∑
i

αi Ii(x) = 0, (8)

with □ = ∇µ∇µ. Metric variation gives the stress–energy tensor

T(ϕ)
µν = Λ2

t ∇µϕ∇νϕ − gµν

[
Λ2

t
2
∇ρϕ∇ρϕ − Λ4

t U(ϕ) + ∑
i

αiϕIi(x)

]
, (9)

which satisfies ∇µT(ϕ)
µν = 0 when the background fields obey their equations of motion. In deriving (9)

we treat the background invariants Ii as metric-independent, consistent with the weak-backreaction
limit stated in Equation (12). If one goes beyond this limit, additional metric variations entering
through Ii contribute to Tµν and must be included explicitly.

Projecting (9) along a unit timelike uµ gives

ρϕ = T(ϕ)
µν uµuν =

Λ2
t

2

[
(uµ∇µϕ)2 + γij∂iϕ∂jϕ

]
+ Λ4

t U(ϕ)− ∑
i

αiϕIi(x). (10)
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The Hamiltonian density ρϕ is not guaranteed to be nonnegative for U(ϕ) ≥ 0 and αi > 0. In the
linearized regime, U(ϕ) = 1

2 m2
ϕϕ2, the static EOM (7) yields

ϕ ≃ ∑i αi Ii

Λ4
t m2

ϕ

.

Substituting into the effective potential

V = Λ4
t U(ϕ)− ∑

i
αiϕIi ≃

1
2

α2 I2

Λ4
t m2

ϕ

− α2 I2

Λ4
t m2

ϕ

= −1
2

α2 I2

Λ4
t m2

ϕ

.

For α > 0 and I > 0, this suggests an unbounded below potential in the linear approximation. To
ensure stability and physical consistency, we require:

• αi < 0 for all sectors (so strong fields slow clocks, N < 1), or
• U(ϕ) includes higher-order terms (e.g., ϕ4) that bound V from below, or
• the linear coupling is treated as an effective interaction valid only below a cutoff Λt.

With αi < 0, the lapse modulation becomes

N = exp
(
−ϕ

2

)
, ϕ > 0 ⇒ N < 1,

Projecting T(ϕ)
µν along a unit timelike uµ gives the operational energy density

ρϕ =
Λ2

t
2
[
(u·∇ϕ)2 +∇ρϕ∇ρϕ

]
+ Λ4

t U(ϕ) − ∑
i

αi ϕ Ii.

Positivity statements apply to the free sector, built from the kinetic plus potential terms; the source-
induced mixing −∑i αi ϕ Ii is interaction energy and can have either sign depending on the back-
ground.

To maintain real, stable lapse solutions we adopt the nonnegative invariant convention

Iγ =
1
2

∣∣FµνFµν
∣∣, Ig =

1
2

RµνρσRµνρσ, (11)

which ensures N (x; u) = exp[−τ/(2Λt)] is real in both electric- and magnetic-dominated regions
and that the modulation depends on invariant magnitudes. We work in the weak–backreaction
hierarchy [18] ∣∣∣T(ϕ)

µν

∣∣∣≪ ∣∣∣T(matter)
µν

∣∣∣, (12)

so ϕ evolves on a background fixed by the Einstein equations for ordinary matter; full coupling can be
restored by adding T(ϕ)

µν to the right–hand side of Einstein’s equations.
For phenomenology it is convenient to separate the universal scale Λt from sectoral response

scales Λi ∈ {Λγ, Λs, Λg} and define

Ξi(x; u) ≡ αi

Λ4
i

Ii(x) ⇒ Ξtot = ∑
i

Ξi ≃
ϕ

2
, (13)

in the weak, adiabatic, linearized regime. Equivalently, we may define the operational modulation by

lnN (x; u) ≡ −Ξtot(x; u) ≡ − ϕ

2
≡ − Q

2
,
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so that Ξtot and ϕ (or Q) are just alternative coordinates on the same operational degree of freedom.
Each Ii has mass dimension four, so αi/Λ4

i is dimensionless and Ξi, lnN are dimensionless as required.
Substituting Equation (3) gives

∇µ lnN = −1
2
∇µϕ, (14)

so gradients of invariant energy densities directly modulate local proper–time rates.
In the weak–modulation regime N ≃ 1 − Ξtot, and differential clock comparisons yield

∆τ

τ
≃ −∆Ξtot = −∑

i

αi

2 Λ4
i

∆Ii, (15)

with ∆Ii the invariant contrast along the comparison path. Thus Ξtot is the experimentally accessible
measure of field–mediated temporal modulation.

In the scalar formulation developed so far, the dimensionless quantity Ξ(x; u) defined in Equa-
tion (15) represents the cumulative fractional temporal modulation produced by all invariant sources.
When the quaternionic generalization T = t0 + it1 + jt2 + kt3 is introduced in Section 3, its norm
obeys |T|/(2Λt) ≃ Ξtot only within the weak–field hierarchy where |Ξ| ≪ 1 and backreaction is
negligible. Beyond this regime, Ξ should be regarded as an effective expansion parameter governing
the logarithmic lapse lnN = −Ξtot, whereas |T| evolves according to the full nonlinear dynamics of
Equation (24). This distinction ensures that the exponential mapping remains real and bounded for all
admissible field strengths.

In terrestrial estimates one may relate the electromagnetic invariant to the energy density, Iγ =
1
2 |FµνFµν| ≲ 2 uEM, with uEM = 1

2 (E2 + B2). In the weak–modulation regime this gives

Ξγ ≃
αγ

Λ4
γ

uEM. (16)

For numerical estimates quoted in SI units we convert fields to energy density in natural units before
applying (16); no factor of c appears because h̄ = c = 1 is assumed throughout. We work in natural
units for the field theory; in kinematic formulas we occasionally reinstate c for clarity in comparisons
with experimental practice.

Finally, in a spatially homogeneous cosmological background the operational lapse appears in

ds2 = −N 2(t) dt2 + a2(t) δij dxidxj, (17)

reducing to the standard FRW form when the invariants are small compared to Λ4
t /|αi|. The scalar

sector thus furnishes a covariant, operational modulation of proper time without altering null cones or
introducing a preferred foliation.

In spatially homogeneous settings, the operational proper time obeys

dτcosm = N (t) dt, τ(t) =
∫ t

N (t′) dt′. (18)

For background dynamics written in coordinate time t, the effective Hubble friction in any first–order
evolution law acquires the factor

Heff(t) =
1

N (t)
ȧ(t)
a(t)

. (19)

Equivalently, writing the Friedmann equations in τ–time gives the standard form with d/dτ =

N−1d/dt. Small departures N (t) = 1 − Ξ(t) thus shift freeze–out thresholds and acoustic scales via
the replacement dt 7→ dτ, while preserving null propagation and c.

The lapse N (x; u) is a covariant scalar measuring the multiplicative ratio between locally ac-
cumulated proper time and the chosen coordinate increment; it is not a coordinate-gauge (ADM)
lapse. Consequently, every time-based observable inherits N multiplicatively, and only differential
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comparisons across distinct field environments expose gauge–invariant shifts through ∆Ξtot as in
Equation (15). This invites a relational perspective on chronometry: each worldline carries its own
field-responsive clock, and comparisons amount to interrogating how invariant sources distribute
along those worldlines. The gauge-theoretic analogy becomes sharp once the scalar τ is extended
to its quaternionic generalization T = t0 + it1 + jt2 + kt3, which encodes sectoral coherence while
preserving a single spacetime time coordinate.

3. Quaternionic Time and Sectoral Couplings
The scalar potential τ(x) of Equation (3) captures isotropic lapse modulations N (x; u) but not the

internal structure of the sources that generate them. In the scalar framework of Section 2, the dimension-
less Ξi(x; u) of Equation (13) encode sectorwise contributions and sum to Ξtot, with N = exp[−Ξtot].
This suffices for single–sector or isotropic situations, but does not track coherent interference when
multiple invariants are nonzero. To represent composition and relative phases among sectors, we
generalize τ to a quaternionic field T(x) ∈ H≃ Sp(1)≃ SU(2). The norm |T| reproduces the scalar
amplitude associated with Ξtot, while the quaternionic orientation encodes sectoral phases (electro-
magnetic, chromodynamic, curvature).

To maintain a single causal geometry while allowing coherent sectoral influence, we extend to

T(x) = t0(x) + i t1(x) + j t2(x) + k t3(x), (20)

with ta ∈ R and |T|2 = Sc
(
T†T

)
= t2

0 + t2
1 + t2

2 + t2
3. Here t0 denotes the physical time component of the

quaternionic field T; (t1,2,3) are coherence coordinates on the internal SU(2) fiber. Covariance is preserved
by placing T in an internal SU(2) bundle with left–acting connection Aµ ∈ su(2), transforming under
U(x) ∈ SU(2) as

T → U T, Aµ → UAµU−1 − (∂µU)U−1. (21)

As done previously, we define the dimensionless field,

Q =
|T|
Λt

, N (x; u) = exp
[
−Q

2

]
. (22)

The covariant derivative
∇(A)

µ T = ∂µT +AµT (23)

transforms homogeneously, and the curvature Fµν = ∂µAν − ∂νAµ + [Aµ,Aν] mixes internal direc-
tions. When overlap among sectors is negligible one may set Aµ = 0, reducing to the scalar model.
A global right–multiplication symmetry T 7→ Tq with |q| = 1 leaves kinetic terms and any |T|–only
potential invariant (SU(2)R). The connection Aµ ∈ su(2) acts only on the internal quaternionic fiber
and does not couple directly to spacetime curvature. Its field strength Fµν = ∂µ Aν − ∂ν Aµ + [Aµ, Aν]

governs parallel transport of temporal orientation but leaves the causal structure untouched because
N (x; u) depends solely on the norm |T|. In the low–energy or weak–sector–overlap regime considered
here, we set Aµ = 0, i.e., a flat internal connection with Fµν = 0 and trivial holonomy (locally pure
gauge). Nontrivial internal holonomy could encode coherence transport between sectors and will be
treated in a subsequent extension. A diffeomorphism–covariant and internally symmetric action is

ST =
∫

d4x
√
−g
[1

2
gµν Sc

(
(∇(A)

µ T)†(∇(A)
ν T)

)
− Λ4

t UT

(
|T|
Λt

)
+ ∑

i
αi

|T|
Λt

Ii(x)
]
, (24)
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with sources Ii(x) as in Equation (5). The potential UT(Q) (with Q= |T|/Λt) generalizes U(τ) while
preserving local SU(2)L and global SU(2)R. Varying the action (24) with respect to gµν (treating Ii as
metric–independent in the weak–backreaction limit) yields the quaternionic stress–energy tensor

T(T)
µν = Sc

[
(∇(A)

µ T)†(∇(A)
ν T)

]
− gµν

[1
2

gρσ Sc
(
(∇(A)

ρ T)†(∇(A)
σ T)

)
− Λ4

t UT

(
|T|
Λt

)
+ ∑

i
αi

|T|
Λt

Ii(x)
]
. (25)

Remark. If one goes beyond the weak–backreaction limit (Equation (12)), any explicit metric dependence
of the Ii must also be varied and included in T(T)

µν . Varying ST with respect to T† gives

∇(A)
µ ∇(A)µT − Λ4

t
∂UT

∂T† = ∑
i

αi
Λt

T
|T| Ii(x). (26)

This reduces to Equation (8) for T = τ and Aµ = 0. The real (identity) source excites |T| at leading

order, and by diffeomorphism invariance one has ∇µT(T)
µν = 0.

Projecting the equation of motion (26) along T yields a real norm equation for |T|. Let Dµ ≡ ∇(A)
µ

and define
Jµ ≡ Im Sc

(
T†DµT

)
, K ≡ Re Sc

(
T†D2T

)
.

Using |T| = (Sc[T†T])1/2 and

∂µ|T| =
Re Sc(T†DµT)

|T| ,

□|T| =
Sc
[
(DµT)†DµT

]
+ K

|T| −
∂µ|T| ∂µ|T|

|T| ,

and substituting D2T from (26), we obtain the explicit scalar norm equation

□|T| −
∂µ|T| ∂µ|T|

|T| −
Jµ Jµ

|T| − Λ4
t

Sc
(

T† ∂UT
∂T†

)
|T|

= ∑
i

αi
|T|
Λt

Ii(x) + C[Aµ, T],

(27)

where C[Aµ, T] collects the connection–commutator pieces that vanish for a flat internal connection
(Aµ = 0) or for spatially homogeneous configurations. It is convenient to rewrite the norm equation

in terms of the dimensionless scalar Q ≡ |T|/Λt. Using |T| = ΛtQ and UT = UT(Q) with
dUT
dQ

=

Λt Sc
(

T† ∂UT

∂T†

)/
|T|, Equation (27) becomes

□Q −
∂µQ ∂µQ

Q
−

Jµ Jµ

Λ2
t Q

− Λ2
t

2Q
dUT
dQ

= ∑
i

αi Q Ii(x) + C[Aµ, Q]. (28)

In the weak–sector–overlap regime used in this paper we set Aµ = 0 and work near constant internal
orientation so that Jµ ≈ 0 and C = 0, reducing (28) to

□Q −
∂µQ ∂µQ

Q
− Λ2

t
2Q

dUT
dQ

= ∑
i

αi Ii(x), (29)

which is the precise, dimensionally consistent scalar equation used for phenomenology, with N =

e−Q/2. For clarity, N (x; u) here denotes the operational lapse—the measurable conversion between
coordinate and proper time—and should not be confused with the ADM lapse that enters the 3+1
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foliation of general relativity. While FMT modifies the operational rate through geff
00 = −N2, an EFT

extension may admit suppressed off–diagonal terms that encode sectoral temporal orientation without
affecting null cones:

geff
00 = −N2(x), geff

0a = εa
ta(x)
Λa

(a = 1, 2, 3), | εa ta/Λa | ≪ 1. (30)

These terms vanish in the baseline model (εa = 0) and, when present, are non-propagating and
bounded to keep causal cones unchanged and to avoid frame–selection; they can be useful as a
diagnostic parameterization in extreme multi–sector environments. In the weak–field regime,

Ξtot(x; u) ≃ |T(x)|
2Λt

=⇒ N = e−|T|/(2Λt) ≃ e−Ξtot , (31)

to leading order. Clock rates depend on |T|, whereas the internal orientation sets sectoral coherence
without changing causal structure. Thus N ≃ 1 − |T|/(2Λt) and |T| ≃ 2Λt Ξtot. To ensure unitarity in
the multi–sectoral setting, organize temporal derivatives as

∇T = ∂t0 + i ∂t1 + j ∂t2 + k ∂t3 , (32)

and adopt the generalized Schrödinger equation

∇TΨ(x, T) = − i
h̄

ĤΨ(x, T). (33)

with ∇T acting from the left and {i, j, k} acting from the right. Also, we quantize in a fixed complex
slice of H; all canonical commutators use the same right-acting unit i that appears in ∇T , while
j, k act as internal generators. The inner product ⟨Ψ1|Ψ2⟩ =

∫
d3x Ψ†

1Ψ2 is real and positive. For
quaternionic–Hermitian Ĥ, the conserved current is

∂a Ja = 0, Ja = Ψ†(∂ta Ψ)− (∂ta Ψ†)Ψ, (34)

a ∈ {0, 1, 2, 3}. Setting t1,2,3 = 0 recovers standard complex Schrödinger evolution in t0. Treating
T = t0 + it1 + jt2 + kt3 as a dynamical field, define the canonical momentum

ΠT ≡ ∂L
∂(∇0T)

= (∇0T)†, Πa = ∂0, (35)

ta (a = 0, 1, 2, 3). Canonical equal–time commutators are[
ta(t, x), Πb(t, y)

]
= i h̄ δab δ(3)(x − y),[

ta(t, x), tb(t, y)
]
=
[
Πa(t, x), Πb(t, y)

]
= 0. (36)

Two–point functions for temporal fluctuations are then

Gab(x, x′) ≡ ⟨0| T {ta(x) tb(x′)} |0⟩,
(
□+ m2

ab
)

Gbc(x, x′) = i δac δ(4)(x − x′), (37)

with m2
ab set by the quadratic curvature of UT and any mixing. Vacuum correlators of T induce

correlators of the lapse via N (x; u) = exp[−|T(x)|/(2Λt)], so that temporal zero–point fluctuations
appear as irreducible noise in proper–time accumulation. In the weak–fluctuation regime,

⟨N (x; u)⟩ ≃ 1 − ⟨|T|⟩
2Λt

, Var
[

lnN
]
≃ 1

4Λ2
t

Var[|T|], (38)

providing an operator framework for temporal coherence in interferometry and precision clocks. For
UT = m2

T |T|2 + λT |T|4 with m2
T , λT > 0, the vacuum has ⟨|T|⟩ = 0 and N → 1. Strong sources Ii(x)

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 November 2025 doi:10.20944/preprints202511.0289.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202511.0289.v1
http://creativecommons.org/licenses/by/4.0/


9 of 20

drive nontrivial |T| via (26), producing measurable variations in proper time through (3); internal
rotations then encode sector–dependent coherence when multiple invariants coexist.

Linearization.

Expanding (24) to quadratic order about T = 0 gives

L(2)
T =

1
2

3

∑
a=0

∂µta ∂µta + ∑
a<b

ξab ∂µta ∂µtb −
1
2 ∑

a,b
µab tatb −

3

∑
c=1

κc

Λ2
c

tc Jc. (39)

Here ξab and µab encode kinetic and potential mixing; κc/Λ2
c set couplings to sectoral currents Jc.

Variation gives

□ta + ∑
b

ξab □tb + ∑
b

µab tb =
3

∑
c=1

δac
κc

Λ2
c

Jc, (40)

with □ = ∇µ∇µ. In momentum space this is

M(k2) t̃(k) =
κ

Λ2 J̃(k), M(k2) = (1 + ξ)(−k2) + µ, (41)

whose orthogonal diagonalization R gives eigenmodes tλ ∈ {t+, t0, t−}:

t̃λ(k) =
1

m2
λ

(
∑

c
Rλc

κc

Λ2
c

J̃c(k)

)
, (42)

with m2
λ the eigenvalues of M(0). The three coherence eigenmodes comprise one isotropic and two

transverse modes, which can acquire small masses via mixing, mediating intersector phase correlations
without altering the spacetime light cones.

Magnetar mixing (EM–gravity).

In a magnetar’s magnetosphere the dominant sources are EM and curvature, so we truncate to
(t1, t3) with (J1, J3) and write

[
(1 + ξ(13))(−k2) + µ(13)

] (t̃1

t̃3

)
=

(
κ1/Λ2

1 0
0 κ3/Λ2

3

)(
J̃1

J̃3

)
, (43)

(1 + ξ(13)) =

(
1 + ξ11 ξ13

ξ13 1 + ξ33

)
, µ(13) =

(
µ11 µ13

µ13 µ33

)
. (44)

With negligible kinetic mixing (or after canonical normalization), (1 + ξ(13))≃1:

[
(−k2)⊮+ µ(13)](t̃1

t̃3

)
=

(
κ1/Λ2

1 0
0 κ3/Λ2

3

)(
J̃1

J̃3

)
.

The effective masses and mixing angle are

m2
± =

1
2

[
(µ11 + µ33)±

√
(µ11 − µ33)2 + 4µ2

13

]
, (45)

tan 2θ =
2µ13

µ11 − µ33
, (46)

or, retaining kinetic mixing,

tan 2θ(k2) =
2(µ13 − k2 ξ13)

(µ11 − µ33)− k2(ξ11 − ξ33)
, (47)
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m2
±(k

2) from eigenvalues of
(1 + ξ(13))−1µ(13) at k2=0. (48)

Diagonalizing with R(θ) yields

(
− k2 + m2

±
)

t̃±(k) = ∑
c=1,3

R±c(θ)
κc

Λ2
c

J̃c(k), R(θ) =

(
cos θ sin θ

− sin θ cos θ

)
. (49)

In the static/long–wavelength limit k2→0,

t̃±(k) ≃
1

m2
±

[
cos θ

κ1

Λ2
1

J̃1(k) ± sin θ
κ3

Λ2
3

J̃3(k)

]
, (50)

with retarded position–space solutions

t±(x) =
∫

d4y G(±)
R (x − y)

[
cos θ

κ1

Λ2
1

J1(y) ± sin θ
κ3

Λ2
3

J3(y)
]
, (51)

with (□− m2
±)G

(±)
R = δ(4). The physical components follow from(

t1

t3

)
= RT(θ)

(
t+
t−

)
=

(
cos θ − sin θ

sin θ cos θ

)(
t+
t−

)
.

Even when J3 ≃ 0, an EM source (J1 ̸= 0) induces a curvature–aligned component t3 ≃ − sin θ t+ +

cos θ t−. Since the lapse responds to the norm,

∆N
N ≃ − |T|

2Λt
≈ − 1

2Λt

√
t2
1 + t2

3, (52)

(t2 ≈ 0), this mixed, sector–specific modulation overlays the GR redshift without altering null cones;
its spatial pattern tracks (J1, J3) through θ and m± and cannot be mimicked by classical gravitational
redshift alone. Small perturbations propagate with

ω2 = k2 + m2
± (53)

after canonical normalization, requiring m2
±≥0 and positive kinetic matrix (1 + ξ(13)) > 0 to avoid

ghost instabilities, consistent with the EFT hierarchy of Sec. 2.
Geometrically, FMT thus defines a fiber bundle with base spacetime and fiber a quaternionic

space of temporal directions. The connection Aµ (Equation (23)) governs parallel transport of internal
temporal orientation; clocks in differing field regions may differ in tick rate (through |T|) and acquire
small relative internal rotations, producing coherence modulations for systems with distinct sectoral
couplings. These effects are expected only in extreme fields but provide a natural bridge between field
theory, quantum coherence, and gravitational time dilation.

4. Phenomenological Implications
The quaternionic lapse field introduced in Section 3 modifies all processes whose rates depend on

proper time [19,20]. Because N (x; u) enters multiplicatively in Equation (2), every physical observable
involving temporal accumulation inherits a small, field–dependent correction. The essential point
is that FMT affects rates, not trajectories: spatial motion and null propagation remain governed by
gµν, while time–like intervals acquire the modulating factor N . In this way, the framework remains
consistent with all established tests of Lorentz invariance yet opens a narrow channel for detectable
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deviations in precision timing experiments. To characterize the magnitude of these deviations, we
linearize the lapse around unity,

N (x; u) ≃ 1 − |T(x)|
2Λt

+O
(
|T|2

Λ2
t

)
, (54)

and insert this expansion into Equation (2). The leading fractional correction to the proper–time rate
for an observer moving with velocity v relative to the local inertial frame is then

dτ

dt
≃
√

1 − v2

c2

(
1 − |T|

2Λt

)
. (55)

The first factor reproduces the familiar relativistic dilation, while the second represents the field–
mediated shift. Because |T| depends on the invariants Ii(x) through Equation (26), any environment
with strong electromagnetic, chromodynamic, or curvature fields can in principle alter clock rates in a
measurable way. For a representative laboratory field strength E∼106 V m−1 and negligible magnetic
component, the electromagnetic invariant is Iγ ≃ 1

2 E2 ≈ 5 × 1011 J m−3. Using Equation (15) with
αγ < 0 (see Sec. 2) and Λγ ∼ 3 × 103 GeV = 4.8 × 10−7 J, the dimensionless modulation is

Ξγ ≃
αγ

Λ4
γ

Iγ, Iγ ≲ 2 uEM (all in natural units), (56)

yielding |δN | = |Ξγ| ∼ 10−18 for |αγ| ∼ 1. When quoting SI values for uEM, we first convert to natural
units before applying this relation. Such a shift corresponds to a fractional timing difference of one
part in 1018, which lies precisely at the sensitivity frontier of state–of–the–art optical lattice clocks.
The value therefore delineates the first laboratory window in which field–mediated temporal modu-
lation could be probed directly. For laboratory systems, the dominant source is the electromagnetic
invariant Iγ = 1

2

∣∣FµνFµν
∣∣ [19]. Near the surface of the Earth, Iγ is typically small, but in high–field

experiments—such as Penning traps, optical lattice clocks, or laser–ion systems—local field intensities
can reach 1010 V2/m2, sufficient to probe values of |T|/Λt at the 10−18 level. Because the correction
in Equation (55) is multiplicative and isotropic, it cannot be mimicked by known systematic effects
such as gravitational redshift or Doppler drift; it would appear instead as a residual scaling anomaly
common to all co–located clocks exposed to different field strengths. Section A.5 tabulates represen-
tative experimental bounds extracted from atomic clocks, GPS synchronization, and muon–lifetime
measurements. In astrophysical settings, curvature and radiation intensities can elevate the effect
dramatically [21–23]. Near compact objects with curvature scale RµνρσRµνρσ ∼ 10−6 m−4, the source
term Ig in Equation (26) can yield |T|/Λt ∼ 10−10 for moderate |αg|. The corresponding lapse variation
modifies the relation between emitted and received frequencies,

νobs
νem

=
Nobs
Nem

√
g00(em)

g00(obs)
, (57)

introducing an additional redshift factor beyond the standard gravitational one. In local inertial
frames the metric factor reduces to unity, so the novelty of FMT resides entirely in the operational
ratio Nobs/Nem; causal cones and c remain unchanged. Such an effect could, in principle, manifest in
spectroscopic lines from magnetars or accreting black holes, where both electromagnetic and curvature
invariants are large. In cosmological contexts, the same mechanism can contribute to the effective rate
of cosmic expansion when averaged over radiation–dominated epochs, replacing the cosmological
proper time dτcosm = N (t) dt in the Friedmann equations derived from Equation (17). The resulting
corrections are suppressed by (|αi|/Λ4

t ) Ii, yet even a fractional deviation of order 10−10 integrated over
cosmic time could influence late–time inferences of the Hubble parameter, an idea explored further in
Section 5. In quantum systems, the quaternionic structure of T produces novel coherence effects. The
generalized Schrödinger Equation (33) implies that phase evolution in the internal directions (t1, t2, t3)
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introduces small, field–dependent modifications to interference fringes. When two paths in a Mach–
Zehnder or Ramsey interferometer traverse regions of differing N , their internal temporal orientations
evolve by slightly distinct SU(2) rotations, leading to a relative quaternionic phase. For weak coupling,
this phase difference reduces to a measurable shift in the interference contrast proportional to ∆|T|/Λt.
Optical and atom interferometers now routinely achieve phase sensitivities below 10−17, providing a
natural experimental window for detecting such field–dependent temporal phases. In nuclear and
particle physics, decay processes are similarly sensitive to proper–time accumulation [24]. The lifetime
τdecay of an unstable particle observed in the laboratory relates to its rest–frame lifetime τ0 through

τdecay =
τ0√

1 − v2/c2 N (x; u)
. (58)

Muon–lifetime measurements, which verify time dilation to parts in 10−9, therefore place direct
constraints on N . The absence of observed anomalies requires |T|/Λt ≲ 10−9 under conditions where
Iγ ∼ 1016 V2/m2, translating to an effective lower bound

Λt

|αγ|1/4 ≳ 105 GeV.

Similar reasoning applies to high–energy cosmic–ray muons and to neutral–meson oscillations, where
the quaternionic phase components of T could, in principle, produce minute CPT–even deviations in
oscillation frequencies. Beyond these direct tests, FMT predicts subtle cumulative effects in systems
that compare clocks across regions with different electromagnetic potentials or curvature profiles. The
GPS constellation provides a stringent arena: its onboard atomic clocks operate in weak but variable
fields, and their synchronization requires corrections at the 10−14 level [25]. A global field–dependent
lapse would enter as a uniform scale factor in the satellite–ground comparison. The absence of such
anomalies constrains spatial gradients of |T| to below 10−14 across the Earth’s potential, implying

∂r|T|
Λt

<
10−14

R⊕
,

consistent with the bounds derived above. All current observational data therefore suggest that
if the field–mediated lapse exists, it must do so at extremely small amplitude, yet the structure
of the theory allows its effects to scale sharply with local energy density. As field intensities in
laboratory and astrophysical settings continue to increase, particularly in ultra–intense laser and
plasma facilities, the opportunity to probe nonlinear temporal modulation grows correspondingly.
Finally, the phenomenological coherence of FMT rests on three stability requirements developed
next: the positivity of the energy functional derived from Equation (24), the absence of superluminal
propagation, and the maintenance of unitarity in the quaternionic evolution (33). Building on the
observable relations summarized in Equation (57), we now examine the symmetry structure that
guarantees these relations remain covariant and stable across all regimes.

5. Symmetry Structure, Limits, and Outlook
The framework developed above rests on the interplay between three fundamental symmetries:

diffeomorphism covariance, an internal SU(2) quaternionic symmetry, and the gauge invariances of
the underlying massless fields. These structures ensure that Field–Mediated Time (FMT) modifies
only the operational measure of proper time while preserving the causal and geometric structure of
spacetime.

The first pillar is diffeomorphism covariance. All equations of motion—Equations (8) and
(26)—are built from covariant derivatives and invariant contractions. The lapse N (x; u) transforms as
a scalar under spacetime diffeomorphisms, guaranteeing that predictions depend only on invariant
properties of the background fields. Because N multiplies rather than replaces the metric factor g00,
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null cones and light propagation remain unchanged. The resulting spacetime is Lorentzian, and FMT
should thus be viewed as a deformation of the operational temporal rate rather than of the metric
geometry. In this sense, the scalar or quaternionic field acts as a relational measure inserted into the
proper-time operator without altering causal order.

The second pillar is the internal SU(2) symmetry of the quaternionic temporal field T. The
action (24) is locally invariant under T→U(x) T with U(x) ∈ SU(2) implemented by the connection
Aµ, and enjoys a global right symmetry T→Tq with |q| = 1. This symmetry enforces the degeneracy
of the temporal directions t1, t2, t3 and ensures that the physical lapse in Equation (3) depends only on
|T|. The internal connection Aµ thereby furnishes a parallel-transport law for temporal orientation,
mediating sectoral coherence while leaving the scalar rate invariant. In the quantum domain, the
same symmetry underlies conservation of the quaternionic norm via the continuity Equation (34),
guaranteeing unitarity across all temporal directions.

The third structural element is compatibility with the gauge symmetries of the source fields. Since
Ii(x) are Lorentz- and gauge-invariant scalars, the couplings in Equations (5) and (24) do not violate the
underlying gauge freedoms of electromagnetism, QCD, or gravity. The theory introduces no preferred
frame or timelike vector field, and the vanishing of Ii restores exact agreement with special and general
relativity. This symmetry hierarchy—spacetime covariance, internal SU(2) invariance, and gauge
invariance—precludes superluminal or acausal propagation, keeping FMT within the established
relativistic domain.

To assess stability, we examine the energy functional associated with T [17,26]. From the ac-
tion (24), the kinetic term 1

2 gµν Sc
(
(∇(A)

µ T)†(∇(A)
ν T)

)
is positive for the chosen signature, and UT(|T|)

is bounded below when the quartic coefficient λT > 0. Small perturbations about the vacuum T = 0
propagate as stable modes with mass mT given by the curvature of UT . Their dispersion relation,

ω2 = k2 + m2
T , (59)

shows that temporal fluctuations move at subluminal speeds set by the background metric. Superlu-
minal propagation is excluded so long as the kinetic coefficient retains its positive sign, and unitarity
is ensured by the conserved current (34).

The dispersion relation (59) ensures linear stability provided that the kinetic and potential con-
tributions to the temporal-field Hamiltonian are positive definite. Using the scalar energy density in
Equation (10), the total Hamiltonian density for small perturbations δT about T = 0 can be written as

HT =
1
2

[
(∇0δT)†(∇0δT) + γij(∇iδT)†(∇jδT)

]
+

1
2

m2
T |δT|2 +O(|δT|4), (60)

where γij is the induced spatial metric on constant–t slices. This Hamiltonian is non-negative for λT > 0
in UT = m2

T |T|2 + λT |T|4. The first term reproduces the positive-energy structure of Equation (10),
now extended to the quaternionic components of T, confirming the absence of ghostlike modes. At the
quantum level, the conserved current Equation (34) guarantees that the inner product

∫
d3x Ψ†Ψ is

invariant under evolution generated by a quaternionic-Hermitian Hamiltonian Ĥ. The simultaneous
positivity of HT and conservation of the quaternionic probability current thus define the joint stability
criterion of the Field–Mediated Time framework:

HT ≥ 0, ∂a Ja = 0. (61)

When both conditions hold, temporal fluctuations remain subluminal and unitary, securing the physical
viability of the theory across classical and quantum regimes.

Within this stable regime, the low-energy limit of FMT recovers familiar laws. Setting |T|/Λt → 0
yields N → 1, and the standard relativistic dilation of Equation (2) is restored exactly. Thus, special
relativity appears as the limiting surface where field-mediated temporal modulation vanishes, while
general relativity corresponds to the regime where N (x; u) varies slowly enough to be absorbed by
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reparametrization. The distinction between geometric and relational time emerges only beyond this
limit, when gradients of N cannot be gauged away and produce observable differentials summarized
by Equation (57). This correspondence guarantees continuity with existing theory while identifying
the field-mediated regime as a consistent extension rather than a contradiction.

The status of the equivalence principle within FMT can now be made explicit [1,27]. Because
the lapse N (x; u) is a scalar functional of invariant field intensities, freely falling observers in any
infinitesimal region experience no measurable deviation from special-relativistic kinematics—local
Lorentz invariance (LLI) therefore holds exactly. However, local position invariance (LPI), the assertion
that the outcome of any nongravitational experiment is independent of its spacetime location, is
relaxed: the measured rate of a clock can depend on the ambient field configuration through the
dimensionless combination Ξtot(x; u) defined in Equation (13). In this framework, differential clock
rates reflect the relational structure of the surrounding massless sectors rather than any violation of
covariance. FMT thus modifies the empirical content of the equivalence principle only by introducing
a controlled, gauge-invariant dependence on environmental field intensities, while retaining the full
kinematic symmetry structure of special relativity.

At the quantum level, the quaternionic operator ∇T introduced in Equation (32) provides a route
toward a field-theoretic description of temporal fluctuations. Canonical quantization promotes T
and its conjugate momentum ΠT = (∇0T)† to operators with quaternionic commutation relations.
The resulting two-point functions define temporal coherence correlators for N , with Λ−1

t setting a
characteristic correlation scale. In this interpretation, the apparent smoothness of temporal flow arises
as the low-energy limit of a quantized temporal field, analogous to how classical electromagnetism
emerges from QED.

The symmetry structure also constrains possible interactions of T with other sectors. Because T
couples only through invariant combinations Ii, its dynamics cannot induce explicit Lorentz violation or
anisotropic light propagation. The internal SU(2) symmetry further suppresses parity-odd couplings,
so any measurable effects must appear as even-parity, gauge-invariant rate modulations. These
constraints sharply delimit the parameter space of viable models: the couplings αi must be small
enough to satisfy the bounds summarized in the Appendix, yet large enough to allow potential
observation in high-field or high-curvature regimes [27].

The results of this section establish a coherent internal consistency structure for FMT. Equations (8),
(13), and (34) are manifestly covariant under spacetime diffeomorphisms and invariant under local
SU(2) rotations of the quaternionic field. The positivity of the Hamiltonian density in Equation (60)
together with the stability criterion (61) ensures that temporal fluctuations carry non-negative energy
and propagate subluminally. The quaternionic probability current (34) guarantees unitary time
evolution in the multi-sectoral temporal space. Finally, the refined equivalence-principle hierarchy
preserves exact LLI while allowing a controlled, gauge-invariant relaxation of LPI through the relational
dependence N (x; u) = exp[−Ξtot(x; u)]. Collectively, these features confirm that FMT forms a self-
consistent covariant extension of relativity in which stability, unitarity, and causality remain intact
even as the operational rate of time becomes field-responsive.

Beyond the weak-backreaction limit, the quaternionic time field T dynamically sources the
spacetime metric. A minimal, diffeomorphism-invariant completion couples the action (24) to gravity
via the Einstein–Hilbert term, yielding the stress-energy tensor T(T)

µν in Equation (25). The mixed

contribution T(mix)
µν arises from metric variation of the invariant source terms (∑i αi Ii). The fully

coupled Einstein–T equations read

Gµν = 8πG
(

T(matter)
µν + T(T)

µν + T(mix)
µν

)
, (62)

where T(matter)
µν includes all standard-model and dark-sector contributions. In the weak-field regime,

|T(T)
µν |, |T(mix)

µν | ≪ |T(matter)
µν |, so ϕ and T evolve on a fixed background. Full backreaction is restored by

solving the system self-consistently.
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The coupled field equation for T follows from varying ST with respect to T†:

∇µ∇µT − Λ4
t

∂UT

∂T† = ∑
i

αi
Λt

T
|T| Ii(x), (63)

so strong invariant sources backreact on both |T| (hence the operational lapse N) and the metric gµν.
In homogeneous FRW backgrounds, this reproduces the effective energy density and pressure of

T:

ρT =
1
2

Q̇2 + Λ4
t UT(Q), (64)

pT =
1
2

Q̇2 − Λ4
t UT(Q), (65)

with the standard continuity equation ρ̇T + 3H(ρT + pT) = 0 when mixing terms are negligible.
Taken together, these developments open a coherent set of experimental and theoretical directions.

On the observational side, ultra–precise atomic clocks, interferometric phase comparisons, and cosmic
redshift surveys offer direct avenues to test the minute variations in the field–mediated lapse N (x; u)
predicted by Equation (54). On the theoretical side, coupling the quaternionic temporal field to
the Einstein equations defines a regime in which the operational lapse participates dynamically in
the curvature of spacetime, permitting explicit analyses of backreaction and cosmological feedback.
Embedding FMT within semiclassical gravity or path–integral formulations could clarify how quantum
coherence intertwines with gravitational time dilation, with potential consequences for black–hole
unitarity and the emergence of temporal asymmetry.

Field–Mediated Time thus stands as a covariant, gauge–invariant extension of relativity that
regards time as a relational field responsive to the invariant energy densities of the massless sectors.
By integrating geometric, gauge, and quantum principles into a single operational framework, it
delineates a continuous trajectory from classical chronometry to quantum temporal dynamics. Future
work will refine the coupling hierarchy, develop the quantization of the temporal field, and confront
predictions with precision experiments, the first constraints for which are assembled in the Appendix.
The quantized description of T and its inclusion in semiclassical gravity constitute the next stage of
this program, expected to illuminate how coherence, curvature, and causal order jointly define the
experienced flow of time.

In this interpretation, the lapse N (x; u) functions as a relational order parameter linking causal
geometry to local field activity, while the quaternionic orientation of T encodes sectoral coherence.
Temporal mixing among (t1, t2, t3) parallels flavor mixing in particle physics: distinct massless sectors
generate internal temporal directions whose coherent superpositions determine the effective rate
of time. When the invariants vanish, orientation loses physical meaning and N → 1, recovering
standard relativity. Where invariants are substantial yet causal cones remain unaltered, FMT predicts
small, gauge–invariant modulations in proper–time accumulation—offering a concrete, covariant link
between relativistic geometry and quantum temporal structure.

Appendix A. Empirical Constraints and Derived Relations
Appendix A.1. Unified Quantum–Geometric Dynamics and Limiting Reductions

Within the Field–Mediated Time framework, the unification of quantum mechanics and general
relativity is expressed through a covariant evolution equation where the quaternionic temporal field T
mediates between spacetime geometry and quantum coherence:

∇TΨ[gµν, T] = − i
h̄

Ĥgeom[gµν, T]Ψ, (A1)

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 November 2025 doi:10.20944/preprints202511.0289.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202511.0289.v1
http://creativecommons.org/licenses/by/4.0/


16 of 20

together with the semiclassical backreaction condition

M2
P Gµν = ⟨Ψ | T̂µν[T] |Ψ ⟩. (A2)

Equation (A1) generalizes Schrödinger or Dirac evolution by extending the derivative operator to the
quaternionic gradient

∇T = ∂t0 + i ∂t1 + j ∂t2 + k ∂t3 , (A3)

while Equation (A2) closes the dynamics through the expectation value of the quantum stress–energy
operator. Taken together, these relations merge the Wheeler–DeWitt perspective with the quaternionic
time formalism introduced in Section 3, yielding a single self–consistent evolution law for geometry and
the temporal field. A complete well-posed formulation requires a time functional and an inner-product
structure compatible with the chosen quaternionic slice; we defer a full construction.

Appendix A.1.1. Action of ∇T

In Equation (A1) the operator ∇T = ∑3
a=0 qa ∂ta , with qa ∈ {1, i, j, k}, acts on the explicit depen-

dence of Ψ[gµν, T] on the internal temporal coordinates ta at fixed spacetime geometry gµν (semiclassical
background). Functional dependence on T beyond this explicit coordinate dependence is represented
through Ĥgeom.

Appendix A.1.2. Operator Realization

Working in the fixed complex slice of H used in Sec. 3, we write the geometric Hamiltonian as the
sum of the standard matter Hamiltonian on (M, gµν) and the temporal-field contribution induced by
Equation (24):

Ĥgeom[gµν, T] = Ĥmatter[gµν]

+
∫

Σt
d3x

√
γ
[

1
2 Π̂†

TΠ̂T + 1
2 γij(∇iT̂)†(∇jT̂) + Λ4

t UT

(
|T̂|
Λt

)]
, (A4)

with γij the induced spatial metric on Σt and Π̂T = ∇0T̂† (cf. Equations (36)–(35)). The stress–energy
operator entering Equation (A2) is the normal-ordered version of the classical tensor Equation (??).

Inner product, slice choice, and unitarity.

Choose a fixed right-acting unit i and project quaternionic wavefunctionals to the associated
complex slice. Define

⟨Ψ1|Ψ2⟩ ≡
∫
C
DT Sc

[
Ψ†

1[T; g]Ψ2[T; g]
]
, (A5)

where Sc extracts the scalar part of the quaternion and C is the equal-time configuration space. In this
slice the adjoint reduces to the usual complex adjoint, Ĥgeom is self-adjoint, and the probability current
of Equation (34) remains conserved for the evolution generated by Equation (A1).

Appendix A.1.3. Backreaction Hierarchy

The semiclassical closure in Equation (A2) is accurate whenever

∥ T(T)
µν ∥

∥ T(matter)
µν ∥

∼ ⟨(∇T)2⟩+ Λ4
t UT

ρmatter
≪ 1, (A6)

which matches the weak-backreaction hierarchy used in the main text. Expectation values ⟨T̂µν⟩ then
feed back consistently into gµν without spoiling current conservation in the chosen slice.
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Appendix A.1.4. Phenomenological Connection

The quaternionic evolution in Equation (A1) induces path-dependent phase shifts in interferom-
etry through the norm |T| that sets N = e−|T|/(2Λt) (see Equation (55)); in redshift comparisons the
measurable ratio acquires the operational factor Nobs/Nem in Equation (57).

Appendix A.1.5. Reduction to General Relativity

When the amplitude of the temporal field is small compared to its characteristic scale,

|T|/Λt ≪ 1, T(T)
µν ≪ T(matter)

µν ,

the operational lapse N = e−|T|/(2Λt) approaches unity and the backreaction term in Equation (A2)
becomes negligible. The field equation reduces to

M2
P Gµν ≃ T(matter)

µν , (A7)

which is Einstein’s equation. General relativity appears as the geometric limit where the field-mediated
modulation of time is dynamically uniform.

Appendix A.1.6. Reduction to Quantum Mechanics

In the opposite limit of flat spacetime, gµν →ηµν, and vanishing internal components t1,2,3 = 0,
the quaternionic derivative reduces to the ordinary time derivative ∇T → ∂t0 . Equation (A1) then
becomes

ih̄
∂Ψ
∂t0

= ĤΨ, (A8)

the standard Schrödinger form. If the Hamiltonian is taken to be the relativistic operator

Ĥ = c α·p̂ + βmc2, (A9)

with α and β satisfying the Dirac algebra {αi, αj} = 2δij, {αi, β} = 0, and β2 = 1, then the evolution
rewrites as

(iγµ∂µ − m)Ψ = 0, (A10)

where γ0 ≡ β and γi ≡ βαi. This is the Dirac equation for a spin– 1
2 particle in flat spacetime. Quantum

mechanics emerges as the flat, coherence-dominated limit of the same unified law.

Appendix A.1.7. Intermediate Regime (Toy Model)

Consider a wavepacket with central comoving frequency ω on a static background where Ig ̸= 0
and Iγ ̸= 0. Linearizing Eq. (26) about T = 0 yields |T|(x) ≃ Λ−1

t ∑i αi □−1 Ii(x). Along two arms Γ1,2

of an interferometer the accumulated phase difference is

∆ϕ ≃ ω
∫

Γ1−Γ2

dt
|T|(x(t))

2Λt
, (A11)

while the frequency ratio for stationary emit/observe events obeys (57). Curvature (Ig) and electro-
magnetic intensity (Iγ) then co-drive observable quaternionic phases and operational redshifts without
altering causal cones. The rest of the appendix summarizes the differential relations and observational
limits that quantify the phenomenological reach of the Field–Mediated Time (FMT) framework. All
quantities are expressed in covariant form for direct comparison with Section 5.

Appendix A.2. Differential Relations for Measurable Observables

The field–mediated lapse N (x; u) = e−Ξ(x;u) rescales all time–based observables multiplicatively
relative to the ordinary relativistic dilation. For observers sharing a common field environment, N is
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uniform and undetectable; measurable effects arise only through differential comparisons between
regions of differing invariant field intensity. For weak modulation, |Ξ| ≪ 1, the fractional variations of
proper time and frequency satisfy

δτ

τ
≃ −Ξ,

∆ν

ν
≃ −∆Ξ. (A12)

Each gauge–invariant source contributes additively through the Lorentz scalars Ii(x). The total
modulation is then written as

Ξ(x; u) = ∑
i∈{γ,s,g}

αi

Λ4
i

Ii(x), (A13)

which matches the convention used in Section 2 and ensures that all bounds refer to the same invariant
definitions. For two worldlines γ1 and γ2 connecting emission and reception events, the frequency
ratio follows from integrating the differential relation uµ∇µΞ along the path:

ν2

ν1
= exp

[
−
∫

γ1→γ2

uµ∇µΞ dτ

]
. (A14)

Equation (A14) governs both laboratory redshift comparisons and cosmological time accumulation,
ensuring that all measurable quantities remain manifestly covariant.

Appendix A.3. Composite Time Dilation

The combined influence of field–mediated and velocity–induced effects reproduces the multi-
plicative structure established in Equation (2). The locally accumulated proper time obeys

dτ

dt
= exp[−Ξ(x; u)]

√
1 − v2

c2 . (A15)

An observer traversing a region with varying invariants therefore experiences an additional, purely
multiplicative slowdown relative to a reference frame in a different environment. Expanding Equa-
tion (A15) for small v/c and |Ξ| yields

δτ

τ
≃ −1

2
v2

c2 − Ξ, (A16)

demonstrating that FMT introduces no interference term between kinematic and field contributions,
thus preserving full compatibility with special relativity.

Appendix A.4. Numerical Estimate

For a representative electromagnetic field of mean energy density uEM = 106 J m−3 and charac-
teristic temporal scale Λγ = 3 × 103 GeV, the dimensionless parameter derived from Equation (A13)
is

Ξγ ≈
αγ uEM

Λ4
γ

≃ 10−18 (|αγ|∼1).

This magnitude coincides with the current sensitivity of state–of–the–art optical–clock comparisons,
placing the first empirical window for detecting field–mediated temporal modulation within reach of
existing precision–metrology experiments. Future studies comparing clock ensembles across controlled
electromagnetic or gravitational gradients could provide a direct test of the FMT hypothesis.
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Appendix A.5. Empirical Constraint Synthesis

Table A1. Representative empirical constraints on the field-mediated lapse N (x; u) = e−Ξ(x;u). Each bound
limits the dimensionless parameter combination (αi/Λ4

i )Ii from current data.

Domain Observable & FMT Constraint Bound / Sensitivity

Muon Storage Rings [24] Observable: Lifetime dilation at v/c ≃ 0.9994,
B ∼ 1–10 T.
Constraint: δNγ ≃ (αγ/Λ4

γ)B2. Agreement
with special relativity to 10−9 demands
Λγ > 1 TeV for αγ ∼ 1.

|δN | < 10−9

Optical Clocks [19,20] Observable: Frequency ratio of identical clocks
under controlled EM fields or shielding.
Constraint:
∆ν/ν ≃ −∆Ξγ = −(αγ/Λ4

γ)∆(FµνFµν).

Λγ > 103–104 GeV

GPS / Transportable
Clocks [25]

Observable: Redshift and time-dilation
corrections at orbital altitude (r ≃ 2.6 × 107 m).
Constraint: Geomagnetic B ≃ 5 × 10−5 T gives
Ξγ ∼ 10−22 for TeV-scale Λγ, consistent with
stability.

|δN | < 10−15

Astrophysical /
Cosmological [21–23]

Observable: Primordial nucleosynthesis rates
and CMB acoustic peaks.
Constraint: Cosmic-mean lapse
N̄ (t) ≃ 1 − Ξ̄(t) with Ξ̄ ∝ ⟨RµνρσRµνρσ⟩/Λ4

g.
Bounds from Yp and θ∗ imply Λg > 102 GeV.

|Ξ̄| < 10−5

Strong-Field
Astrophysics [28]

Observable: Black-hole ringdown or pulsar
timing in B ∼ 109 T regions.
Constraint: δN (r) ∝ (αγ/Λ4

γ)B2(r), altering
timescales by parts in 10−10 if Λγ ≲ 100 GeV.

|δN | < 10−10

Laboratory Test
(Proposed)

Observable: Two co-located ultra-stable clocks,
one in high-Q cavity (UEM ∼ 104 J m−3), one
shielded.
Constraint: Predicts
∆ν/ν ≃ −(αγ/Λ4

γ)UEM/c2. Null result at
10−18 implies Λγ > 3 × 103 GeV.

Target 10−18
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