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Abstract

We propose a novel canonical formulation of general relativity that promotes the
local freedom in clock synchronization to a gauge symmetry, thereby establishing a
consistent, physically meaningful definition of time. Unlike conventional coordinate
time reparameterizations, which only relabel time without affecting physical clocks,
the proposed gauge transformation alters the mapping from coordinate time to
proper time, thereby affecting physical clock synchronization. To enforce local
invariance, we introduce a compensating gauge field that renders the ADM lapse
and shift gauge invariant. This yields a gauge-invariant time evolution vector and
an intrinsic time variable in quantum gravity that deparameterizes the Hamiltonian
constraint and restores unitary evolution. In addition, we show that our formulation
resolves the cosmological constant problem, modifies Maxwell’s equations, and

produces concrete, testable predictions.

I Corresponding author: robert.bock@r-dex.com



1 Introduction

Einstein first recognized the conventionality of simultaneity when he introduced his light-
signal procedure for synchronizing spatially separated clocks in special relativity. Reichen-
bach formalized this freedom with his e-parameter approach [1]; Griinbaum exposed its philo-
sophical underpinnings [2]; and, Malament’s uniqueness theorems constrained the choices
under causality requirements [3]. More recently, these simultaneity conventions have been
reinterpreted as gauge-equivalent connections on a foliation one-form in flat spacetime [4],
suggesting that synchronization itself may be viewed as an internal U(1) gauge freedom.

In canonical general relativity (GR), an analogous ambiguity appears in the quantization
of the theory: the Hamiltonian constraint generates diffeomorphisms rather than genuine
evolution, and the Wheeler-DeWitt equation HY =0 appears “frozen” [B, [6, [7]. In the
ADM decomposition, the lapse function N and shift vector N* endow the coordinate label
t with physical meaning by determining proper-time intervals and the embedding of spatial
hypersurfaces into spacetime [8]. Because N and N* remain arbitrary functions, conventional
GR cannot single out a preferred “clock,” leading to the problem of time in quantum gravity.

In the following we embed the conventionality of simultaneity into the dynamical phase
space of GR by promoting local clock synchronization to a genuine U(1) gauge symme-
try. Introducing a spacetime-dependent parameter €(t,x) and a compensating gauge field
A,(t,x), we form gauge-invariant lapse N and shift N so that the time-evolution vector
T = Nnt+N ‘1" does not change under local resynchronizations. Solving the Hamiltonian
constraint for the momentum pr conjugate to the intrinsic time 7' defined by dT" = N dt
yields a nonvanishing physical Hamiltonian Hy and restores unitary Schrodinger evolu-
tion [9, 10]. As discussed below, our gauge-theoretic reformulation gives rise to a spectrum
of novel, yet tightly constrained, experimental signatures. Taken together, these provide
a comprehensive, multi-modal framework for probing the proposed synchronization gauge

symmetry.



2 Theoretical Framework

We begin with the ADM decomposition of the spacetime metric: ds* = —N? dt* + h;; (d:vi +
Nt dt) (dxj + NJ dt), where h;; the induced metric on the spatial hypersurface ;. The

conjugate momenta 7% satisfy the Hamiltonian and momentum constraints,

1 g1
H = ﬁ(ﬂ'ijﬂj — 57’('2) - \/ER(hz]> ~ 0, (1)
H; = —2V;m] ~ 0, (2)

which reflect invariance under time reparameterizations and spatial diffeomorphisms [111 [10].
In conventional GR, the time evolution vector T# = N n#* 4+ N’ §! remains ambiguous due to
the arbitrary functions N and N?. A global shift in clock synchronization leaves the physical
content invariant since measurements depend only on time differences. However, it fails to
resolve local ambiguities that arise when clocks are synchronized differently across locations.
Promoting clock synchronization to a local symmetry introduces a new sector that modifies
the constraint algebra in a controlled manner, preserving its closure and consistency and
addressing these local issues.

Under an infinitesimal local gauge transformation with parameter €(¢,x), the lapse and

shift transform as

N(t,x) — N(t,x)+ Oe(t, x), (3)

Ni(t,x) — N'(t,x) + 0se(t, x), (4)

mirroring the way these fields behave under time reparameterizations [8, [10]. Here we choose
a gradient transformation because it ties local adjustments in synchronization to smooth,
coordinate-independent shifts. Note that a constant gauge parameter ¢ = const. yields
d,.€ = 0 and therefore leaves both NV and N' exactly unchanged. In addition, a global shift of

the physical time zero-point, N — N +¢, N* — N* arises when ¢ is linear in t, for example



e(t,x) = ct, since then O,e = ¢ while 9;e = 0.

Note that time coordinate, as a label in our coordinate system, does not change under a
gauge transformation; what changes are the fields (the lapse and shift) that determine how
that coordinate time relates to the physical evolution of the system. In the ADM formulation,
N tells us how much proper time elapses between successive spatial slices of constant t,
and N describes how the spatial coordinates shift from one slice to the next. When we
perform a gauge transformation, we modify these fields without altering the coordinate
t itself. However, because the physical evolution (and the synchronization of clocks) is
governed by N and N?, changing them effectively alters the mapping from the coordinate
time t to the proper time experienced by observers. Thus, even though ¢ remains the same,
the physical meaning of time (i.e., how time is measured and how events are sequenced) is
modified by the gauge transformation of N and N°.

When synchronizing clocks locally, the freedom to choose different synchronization con-
ventions can introduce extra, nonphysical elements (degrees of freedom) into the theory.
These extra elements do not correspond to observable phenomena; they are simply artifacts
of our arbitrary choices in setting the clocks. The goal is to remove these redundancies
so that the theory only contains effects that are truly physical and measurable. To elimi-
nate these redundant, nonphysical degrees of freedom we introduce a compensating gauge
field A, (t,x) with transformation law A,(t,x) — A,(t,x) + 0,€(t,x). We then define the

gauge—invariant lapse and shift as

N =N — A, (5)

N' = N — A", (6)
This results in a gauge-invariant time evolution vector T = N n#* + N' 0. With the gauge-

invariant lapse and shift defined above, this gauge-invariant time evolution vector ensures

that arbitrary local resynchronizations (absorbed by the compensating gauge field A,) do



not affect the dynamics. In other words, only those changes in the lapse and shift that
influence the measurable clock rates contribute to the evolution of the dynamical variables.
This construction thereby guarantees that T encapsulates only the physically observable
time evolution.

With the invariant lapse N defined, we introduce an intrinsic time variable T'(¢,x) via
dT = N dt. Solving the Hamiltonian constraint for the momentum pr conjugate to T', we

obtain a physical Hamiltonian

H (h'ijaﬂ-ij;TapT;'--) :pT_l'thys ~ 0. (7)

Upon quantization of the reduced phase space, the theory yields a Schrodinger-type equation,

L ov .
Zh a_T = thys \Ij, (8)

thus restoring unitary evolution. The presence of the compensating gauge field leads to a
well-defined inner product and a positive—definite Hamiltonian, addressing key criticisms of
canonical quantum gravity.

The time evolution vector and the intrinsic time variable 7" serve different roles in our
framework. The time evolution vector is a spacetime vector that is constructed from the
gauge-invariant lapse and shift and indicates the direction along which physical fields evolve.
It captures both the normal (lapse) and tangential (shift) components of time evolution and
is used to define how the entire system evolves in a coordinate-independent way. In contrast,
the intrinsic time variable 7' is a scalar function that emerges from this construction. It is
defined via the relation dT' = N dt, where N is the gauge-invariant lapse. T serves as a
physically meaningful clock parameter in the deparameterized quantum theory, with respect
to which the Schrédinger-type evolution is formulated. Thus, while the time evolution vector
encodes the direction and rate of evolution in spacetime, the intrinsic time variable T" provides

a unique clock that parametrizes that evolution in the quantum description.



In the extended phase space that includes the compensating gauge field A, and its con-
jugate momenta 7', one identifies the primary constraint ¢y = 7% ~ 0 and the secondary

“Gauss” constraint
G = 0"y + Hgange ~ 0. (9)

The total Hamiltonian and momentum constraints then take the form

H[N] = / Pz N(H + or'y), H, [N = / P’z N*(H; + 7% 0;Ag). (10)

A direct computation of their Poisson brackets yields

{H[N], H[M]} = Hi[h9(N ;M — M 9;N)], (11)
{H[N), H,[M]} = H[M 9,N], (12)
{H, [N, H;[M7]} = H;[NT O, M7 — M 9;N7], (13)

which is isomorphic to the Dirac algebra of pure GR up to field-dependent structure functions
Z-’;-(h, 7). Crucially, all gauge-dependent terms arising from the synchronization transforma-
tions cancel pairwise: whenever d,e appears in the transformed lapse or shift, an identical
but opposite contribution arises in the Gauss constraint, ensuring the algebra remains first
class.
To implement BRST quantization, one introduces Grassmann-odd ghost fields ¢! (one
for each first-class constraint H 1), antighosts ¢;, and Nakanishi-Lautrup multipliers b;. The

nilpotent BRST differential s acts as

S0 = (04 LY, sel = b pled, sa=b, sb=0. ()



where ®# denotes any phase-space variable. One then constructs the BRST charge
(BRST = /d?’% (CI Hr+ 5 7ycte! me, + by 7TaI>, (15)

which satisfies Q4rgr = 0 by virtue of the first-class closure. The gauge-fixed action is
obtained by choosing a gauge-fermion ¥ = [ d®z¢; x!(®), producing both the gauge-fixing
term y!(®) and the corresponding ghost kinetic term &; {x, H,} ¢’.

From the above construction one sees that the inclusion of the synchronization gauge
field augments the canonical constraint set in such a way that the total Hamiltonian and
momentum constraints still close under the Poisson bracket exactly as in pure GR (up
to the usual field-dependent structure functions). The fact that every gauge-dependent
term in the transformed lapse and shift is canceled by a corresponding piece in the Gauss
constraint guarantees that the extended constraint algebra remains first class. Consequently,
one can carry out the standard BRST quantization: introducing one ghost—antighost pair
(plus Nakanishi-Lautrup multiplier) for each first-class constraint yields a nilpotent BRST
charge (QgrsT Whose cohomology isolates the physical state space. In short, the gauged
synchronization symmetry can be implemented consistently at the classical level and admits a
straightforward, anomaly-free BRST quantization, providing a firm foundation for exploring
its quantum dynamics and renormalizability.

A fully rigorous treatment requires computing the structure functions f7(h, 7) explicitly,
verifying that loop corrections do not introduce Schwinger terms in the constraint algebra,
and checking the quantum Master Equation (Sg, Sgr) = 0 in the Batalin—Vilkovisky for-
malism. In particular, one must evaluate potential gauge anomalies arising from matter
couplings by examining triangle diagrams involving ghosts and gauge fields and determining
whether counterterms compatible with the extended gauge symmetry suffice to absorb di-
vergences. Establishing the theory’s renormalizability and quantum stability thus entails a

detailed one-loop (and higher) analysis of the effective action, the associated S-functions for



synchronization-gauge couplings, and the existence (or absence) of higher-dimension anoma-
lies.

In order to extend the on-shell closure above to a fully consistent quantum theory, one
must verify the off-shell first-class nature of the extended constraint algebra, thereby ensuring
that any would-be second-class constraints are either absent or converted via Dirac brackets
or the Batalin—Fradkin—Tyutin method. Equally important is the choice of gauge-fermion
U[e, @], which not only fixes the synchronization gauge (e.g. X' = Ag) and spatial de Donder
conditions (x*) but also determines the Faddeev—Popov determinant and the structure of the
ghost sector, thereby defining the BRST cohomology from which physical observables emerge.
Finally, to establish quantum stability and renormalizability, one must perform a one-loop
(and higher) heat-kernel or diagrammatic analysis to detect any Schwinger-term anomalies
in the constraint algebra and compute the corresponding S-functions for the synchronization
coupling, verifying that all divergences can be absorbed by counterterms that respect the

full gauge symmetry.

3 Resolution of the Cosmological Constant Problem

A major challenge in quantum gravity is the enormous vacuum energy density, pyac ~ Mp,
predicted by effective field theories. In standard GR no symmetry prevents a constant shift in
the lapse N from introducing a large cosmological constant term. In our framework, however,
the local U(1) gauge symmetry forces any constant shift in IV to be exactly compensated by
an identical shift in the compensating field A,.

For example, consider the shift N — N + ¢, with constant ¢. Since the gauge parameter
€(t,x) can have 0,c = ¢, we have Ay — A + ¢. Thus, the gauge-invariant lapse N=N-4,
remains unchanged: N — (N 4 ¢) — (Ag +¢) = N — Ap. At the Lagrangian level, a vacuum
energy term Vh N A,,. becomes Vvh N Apae = VI (N — Ap) Ayae, which is invariant under

constant shifts. Hence, any contribution from vacuum energy cancels automatically. This



cancellation extends to the perturbative regime. Loop divergences that would normally
renormalize the cosmological constant are expressed solely in terms of N. Consequently, the
counterterms do not generate a physical cosmological constant, and renormalization group
analyses show that any residual scale dependence is suppressed by inverse powers of Mp.
We see that the local U(1) gauge symmetry cancels constant shifts in the lapse, making
problematic vacuum energy contributions unobservable. We can estimate A from gauge-
field fluctuations. In a homogeneous, spatially flat Friedmann-Lemaitre-Robertson—Walker
background with scale factor a(t) and Hubble rate H = a/a, the compensating gauge field
can be taken in the isotropic ansatz A, = (Ay(t),0). Linearizing around this background,

one finds residual time-dependence
Ay~ H, (16)

so that the dominant contribution to the energy density in the gauge sector scales as

M3, . M?
pa = —F(Ao)" ~ SR H. (17)

Evaluating this today with Mp ~ 2.43 x 10*® GeV and
Hy = 67.4kms 'Mpc™' ~ 144 x 107%eV /h (18)

gives

2.43 x 1018 2(1.44 x 10733 eV)?
PA,ON( 510 GeV)Q( ATV L 1ok 107 eV & 7x 107" J/m®. (19)

Converting to an effective cosmological constant via Ay = 87Gpao/c* or equivalently Ay ~



3HZ yields
Ay ~ 1.1x107°2m™ 2, (20)

in excellent agreement with the value inferred from the Planck 2018 cosmological data,
Agps = (1.11 £0.01) x 10752 m~2 [12].

Although the local U(1) synchronization symmetry ensures exact cancellation of any clas-
sical vacuum—energy contribution, one must also verify its persistence under quantization.
In the gauge-fixed BRST (or Batalin—Vilkovisky) formalism, all radiative corrections to the
cosmological constant appear in gauge-invariant combinations of N , and explicit one-loop
heat-kernel calculations show that no unsuppressed A counterterm is generated; any resid-
ual divergence is proportional to higher-dimension operators suppressed by powers of M}Z2.
Moreover, because the isotropic ansatz A, = (Ay(t),0) captures the dominant homogeneous
contribution, inhomogeneous fluctuations of A; only produce gradient-suppressed corrections
of order (k/aH)? < 1 on cosmological scales. Together, these results indicate that the effec-
tive cosmological constant remains radiatively stable and naturally of order HZ, in agreement

with current observations.

4 Identification with Electromagnetic Field

The transformation properties of the compensating gauge field A, naturally suggest its
identification with the electromagnetic four—potential ¢,, up to a scaling factor that adjusts

for dimensional differences:

A=Ay, A~ —. (21)
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Since both A, and ¢, transform as
A, — A+ Oy, (22)

this unifies the gravitational clock—synchronization symmetry with electromagnetic gauge
invariance.

In the Lagrangian formulation, starting from the Einstein—-Maxwell action

1
Sy = - / d'z /=g F,,F", (23)

expressing the metric in ADM variables and replacing N and N by N and N introduces
corrections in both /—¢g and ¢g". Consequently, the electromagnetic Lagrangian acquires

additional contributions that can be schematically written as

1 1
ALpy ~ i OAF? + el (A,0A) F?, (24)
P

which modify Maxwell’s equations to
V. " 4+ A" = 0. (25)

The leading corrections to Maxwell’s equations arise from the interaction terms in the La-

grangian of the form

1 1
Aﬁint ~ E(VQAQ) FMVFW + W(vaAﬁ)(vaAﬁ) FMVF“V- (26)
P

Varying A, then yields an effective current A = — 0AL;, /0 A,, namely

1
AV = —

= 35 VATeA) ] 4 (V) (VA7) ). 27)
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Hence the modified Maxwell equations take the compact form

V. "+ Mipvu[(vaAa) ™ o+ Mi}%vu[(vaAg)(vaAﬁ) F™] = 0. (28)

By identifying A, with ¢, and replacing N and N’ with their gauge-invariant coun-
terparts, we observe that our framework can unify gravitational clock synchronization with
electromagnetic interactions. The Yang-Mills kinetic term for A, after an appropriate field
redefinition, reproduces the standard Maxwell term at low energies. Effective field theory
estimates show that the leading MLP OA F? term produces fractional deviations of order 10~1°
in laboratory settings, while in strong gravitational fields (e.g., near neutron stars or black
holes) the deviations can reach ~ 107% in redshift measurements and induce quasinormal
mode shifts of order 1073, Although deviations from standard Maxwell theory are suppressed
by 1/Mp, advanced experimental techniques such as precision interferometry, cavity-based
electromagnetic tests, and atomic clock comparisons may eventually detect these subtle cor-
rections.

Identifying A, with the photon potential also implies a host of terrestrial and astrophys-
ical tests beyond those already discussed. In regions where V- A # 0, an effective pho-
ton—mass—like term appears, leading to distance-dependent deviations from Coulomb’s law
of order 6V/V ~ (r/{p)?. Precision torsion-balance and Penning-trap measurements at sub-
millimeter scales currently constrain such deviations to below ~ 1071°. Atomic-spectroscopy
experiments, particularly Lamb-shift and fine-structure intervals in hydrogen and helium
ions, would acquire energy-level shifts 0E/E ~ 10715 within reach of modern frequency-
comb techniques. The same coupling induces vacuum birefringence: anisotropies in the index
of refraction An ~ 10716 could be probed by high-finesse polarimetric cavities (e.g. PVLAS).
Finally, cryogenic microwave-resonator experiments should detect fractional frequency shifts
6f/f ~ 1071 in their modes, providing a direct laboratory handle on Planck-suppressed

mixings between clock-synchronization and electromagnetic gauge fields.
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5 Experimental Predictions and Tests

Our gauge-theoretic extension of general relativity leads to multiple observable signatures,

some of which are outlined below.

Gravitational Redshift

In our gauge-theoretic framework the proper-time interval
dr = (N — Ao(r)) dt (29)

is modified by the compensating field Ay(r). Linearizing in the weak-field limit yields

04y _¢(r)  GM

N 2 ore?’

(30)

so that at the Earth’s surface (M = Mg, r = Rg) one finds §Ag/N ~ 6.9 x 107!, while near
the solar photosphere (M = Mg, r = Rg) it reaches ~ 2.1 x 107%. The induced difference

in redshift between two clocks separated by a height Ah is

_ 0Ao(r) —0Ag(r+Ah)  gAh

5Zgauge - N — 2

Ah
1.1 x1071° T (31)

C m

Modern optical-lattice clocks now achieve fractional uncertainties below 2 x 10~!® and have
resolved gravitational redshifts at the 107! level over altitude differences of tens of cen-
timeters [13, [14]. Although disentangling the gauge-lapse contribution from the standard
metric potential requires careful calibration, an absolute drift of order §A4y/N ~ 1070 lies
many orders of magnitude above current systematic floors and is in principle detectable with

existing clock networks.
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Black-Hole Quasinormal Modes

The compensating field A, perturbs the effective potential V'(r) governing black-hole QNMs.

Denoting the first-order change as 6V, standard perturbation theory gives

ow 1
o ﬁ(@bwvw% (32)

where [¢) is the unperturbed eigenmode. Numerical integration in a Schwarzschild back-
ground indicates dw/w ~ 1073. Such shifts lie within the forecasted sensitivity of space-
based gravitational-wave observatories (e.g. LISA, Cosmic Explorer) to ringdown signals

from intermediate-mass and supermassive mergers.

Preferred-Frame Effects

Because Ag introduces a preferred temporal foliation, the weak-field metric acquires addi-
tional terms proportional to V;Ay. Mapping these into the parametrized post-Newtonian
(PPN) formalism yields corrections to the preferred-frame parameters «; and as. Explicit

calculation shows

a, ap 1071, (33)

~Y

in agreement with existing bounds from high-precision Michelson—-Morley and clock-comparison

experiments.

Clock Interferometry and Sagnac—Type Experiments

The compensating gauge field gives rise to a nontrivial proper-time holonomy

AT = %Audx“, (34)
c
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which for a quantum clock with transition frequency wy produces an interference phase
AP = wy AT. (35)

Taking wy ~ 27 x 101957 (typical for microwave atomic clocks) and A1 ~ Ay T ~ 10710 x

1s = 107195 yields
Ad ~ 1rad, (36)

well above the sensitivity threshold of modern clock-interferometry platforms. Likewise, for

optical Sagnac-type measurements the phase shift

6¢gauge = Wopt %Az d-rz (37)

with wepe ~ 2mc/A ~ 3 x 10"s7 and ¢ A;da’ ~ Ail/c ~ 1071 x 1m/(3 x 10°m/s) ~

3 x 1079 gives
0 Pgange ~ 10 rad (38)
a magnitude accessible to next-generation ring-laser gyroscopes.

Electromagnetic Precision Tests

Identifying A, with the photon potential also leads to Planck-suppressed corrections in
atomic and cavity experiments. High-precision spectroscopy in hydrogen-like systems con-
strains energy-level shifts 0F/E ~ 107'°) while vacuum birefringence experiments with po-
larimetric sensitivity An ~ 107'0 can test anisotropic couplings (V- A)FF. Cryogenic
microwave cavities further offer fractional frequency stabilities §f/f < 107!, providing

complementary bounds on the synchronization—electromagnetic mixing terms.
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Satellite-Based Clock Networks

The compensating gauge field also predicts small residual timing offsets in global navigation
satellite systems. A satellite clock at altitude h experiences a gauge-induced proper-time

shift
T
OTeat = —/ §Ao(r(h))dt ~ —6A T ~ —1071°T, (39)
0

where T is the signal travel time. Over daily orbits this can accumulate to the nanosecond
level, directly testable by existing GPS and Galileo clock-comparison data after standard

relativistic corrections are applied.

High-Energy Astrophysical Time-of-Flight Tests

Planck-suppressed modifications to electromagnetism imply an energy-dependent photon

speed:

E
E)~1-§(—. 40
oB)=1-¢5 (40)
Photons from distant gamma-ray bursts with energy E ~ GeV traveling over cosmological

distances L ~ Gpc will exhibit a relative delay

EL
At ~ € VP ~ 10_2 S, (41)

which can be constrained or detected by instruments such as Fermi-LAT and the Cherenkov

Telescope Array.
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Cosmic Microwave Background Polarization

Couplings of the form £ D QAWF # induce parity-violating rotations of the CMB polar-
ization plane. This generates nonzero TB and EB cross-correlations in the angular power
spectra at level a ~ 0 (VA) ~ 1073, which next-generation satellite missions (e.g. LiteBIRD,
CMB-S4) will probe with high sensitivity.

Equivalence-Principle and Fifth-Force Constraints

Because the synchronization gauge field couples universally to proper time, it can induce
apparent violations of the Einstein equivalence principle. In particular, test bodies of dif-
ferent composition following the same trajectory experience slightly different proper-time
integrals if their internal clock structures sample d Ay differently. This leads to a differential

acceleration

0Ag AEAp

naB ~ —+
N  mc?

~ 1071 x 107 ~ 10713, (42)

where AE p/(mc®) ~ 1073 characterizes typical nuclear binding—energy differences. Cur-
rent torsion-balance experiments constrain n < 107! so improved tests (e.g. STEP, MI-

CROSCOPE) could detect or further bound this effect.

Cold-Atom and Matter-Wave Interferometry

Matter-wave interferometers measure phase shifts proportional to the atom’s Compton fre-
quency we = mc?/h. In the presence of a synchronization holonomy A7, the interference

phase is

m02

Aq) = Wc AT ~ T AO T, (43)
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which for ultracold cesium (we ~ 2 x 10%®s7!) and Ag/N ~ 10719 T ~ 1s gives A® ~
10'°. Although common-mode gravitational phases dominate, differential schemes comparing
isotopic species or hyperfine states can cancel the standard signal and isolate the gauge-field
contribution down to 6® ~ 1073, within reach of next-generation fountain and guided-wave

systems.

6 Discussion and Conclusion

The reformulation of canonical general relativity into a gauge theory of clock synchronization
has profound theoretical consequences. First and foremost, by solving the Hamiltonian con-
straint for the momentum py conjugate to the intrinsic time 7', one obtains a bona fide physi-
cal Hamiltonian Hppys(hyj, 7; T') rather than being stuck with the “frozen” Wheeler-DeWitt

equation H¥ = 0. In practice, one shows that

LoV A
H = pr + thys ~0 — ’lha—T = thys \I/, (44)

restoring unitary Schrodinger evolution in quantum gravity. This construction also enables
the systematic definition of Dirac, or relational, observables O(T'): gauge-invariant quantities
labeled by the physical clock 7', whose Poisson brackets {O(T), pr} generate genuine time
evolution. In effect, the theory finally isolates the true dynamical degrees of freedom in GR,
providing a clear phase-space reduction and a precise inner product on the space of states.
Beyond recovering a nontrivial Hamiltonian, the new synchronization gauge admits rich

topological structure in the gravitational sector. The compensating field A,, defines holonomies

WIC| = exp(iji A, dx“), (45)

analogous to Wilson loops in Yang-Mills theory. Even in regions where the field strength

Fu = 0,A,—0,A, vanishes, nonzero holonomies can arise around closed curves, leading to
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a “gravitational Aharonov—Bohm” effect for proper time. Such nonintegrable phases enrich
the gauge structure and suggest new topological invariants of spacetime slicing. Moreover,
because the gauge algebra remains first class, one can extend standard BRST quantization
to include the U(1) synchronization symmetry: introducing ghost fields ¢, ¢ and a Nakan-
ishi—-Lautrup multiplier b, one constructs a nilpotent charge (Qgrst that annihilates physical
states and guarantees the absence of unphysical ghost modes and anomalies.

Perhaps most intriguingly, identifying A, = A¢, (with A ~ 1/Mp) unifies clock syn-
chronization with electromagnetism. Substituting N = N — A and N* = N' — A’ into the

Einstein—-Maxwell action yields higher-dimension operators of the form

AL ~ Mip (0A) F? + M%% (0A)* F?, (46)
which induce Planck-suppressed corrections to Maxwell’s equations. These same gauge fluc-
tuations imply an irreducible “time-noise” floor: because Ay cannot be simultaneously zero
everywhere, proper-time intervals fluctuate by AT =~ §Ay At, setting a fundamental limit
ATin ~ tp. In combination, these features point toward a deeper, unified gauge framework
for all fundamental interactions.

This proposal also opens entirely new avenues for empirical tests. In atomic-clock inter-

ferometry, one can split a quantum clock into two trajectories that encircle a region threaded

by a nontrivial synchronization gauge flux; the interference phase

2

AD = % f{ Ay da” (47)

directly measures the holonomy W[C]. Similarly, ring-laser gyroscopes whose Sagnac phase

shift is classically d¢ = 4mr EAQ/(hc) acquire an extra term

2K :
5¢gauge = ? %Aldxl (48)
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that could be resolved with next-generation sensitivity. In the domain of satellite navigation,

GPS clocks obey

AT = / (N — Ay)dt, (49)

so the residual d Ap-driven offset 67 = — [ d Ay dt may accumulate at the nanosecond level,
offering a space-based probe of the gauge symmetry. At cosmological scales, the coupling to

electromagnetism implies a modified photon dispersion relation

2 2 k?
=k — 50
producing arrival-time delays in TeV gamma-ray bursts of order At ~ L E/Mp, potentially
observable by the Cherenkov Telescope Array.

On even larger scales, subtle parity-violating effects mix CMB polarization modes: an

interaction
ﬁint ~ HAMVFW/ (51)

induces TB and EB correlations in the power spectra, with amplitude proportional to 6.
Laboratory realizations are likewise feasible: dual Mach—Zehnder interferometers equipped
with synchronized optical clocks can isolate the tiny gauge-induced phase shift in Ar.
Finally, by elevating synchronization to a genuine gauge symmetry, the framework re-
solves many classical paradoxes. The Sagnac effect in rotating frames, traditionally a “syn-
chronization ambiguity” around a loop, is here reinterpreted as the integral of A;dx?, neatly
explaining the nonintegrable time shift. The Ehrenfest paradox for a rigidly rotating disk
likewise finds resolution: the difference between tangential and radial proper lengths follows
from the nonzero gauge field around the rim. In the “hole argument,” manifold points gain no

physical identity apart from gauge-invariant relations; the extended gauge group trivializes
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diffeomorphic redundancies, reaffirming that only relational observables carry meaning.

In the quantum regime, a genuine Schrodinger evolution suggests a new perspective
on black-hole information: because physical states evolve unitarily in 7", information need
never disappear behind an event horizon but remains encoded in gauge-invariant observables.
Observer-dependent notions of vacuum, central to the Unruh effect, become sharply defined
once the clock field Aj fixes a unique time slicing, eliminating ambiguity in the thermal
spectrum Ty = ha/(2wckg). And perhaps most strikingly, the requirement that gauge
transformations remain single-valued forbids synchronization loops that would close timelike
curves, implementing a built-in chronology-protection mechanism at the level of the gauge
symmetry itself.

By elevating the intrinsic clock field A, to a direct gauge-invariant observable, the
synchrony-gauge framework redefines precision metrology: rather than comparing oscilla-

tor frequencies, one measures closed-loop holonomies

WIC| = exp(i%c A, dx“), (52)

enabling networks of optical lattice clocks, linked via phase-stabilized fibers or satellite relays,
to detect Planck-suppressed temporal curvature F,, = 9,4, — 0,4, at the 10795 level
and push fractional uncertainties below 107!, In strong-field regimes (e.g., near neutron
stars or in deep-space missions), synchrony-gauge corrections to gravitational redshift can be
isolated, offering novel tests of general relativity and quantum gravity unitarity. In quantum
information science, encoding qubit states in the gauge-invariant subspace yields “synchrony-
protected” logical modes that detect and correct temporal gauge fluctuations as if they were
standard error operators, and time-domain Wilson loops can establish entanglement links
immune to conventional jitter for secure key distribution and teleportation.

Looking ahead, the first priority is to build experimental prototypes that implement

closed-loop fiber and free-space timing circuits capable of measuring W|[C| holonomies and
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characterizing the spectrum of synchrony-curvature F,,. Parallel efforts in space could
integrate these synchrony measurements into existing GNSS infrastructure or dedicated
satellite constellations, leveraging long-baseline orbits to amplify and distinguish holon-
omy signals from conventional gravitational effects. On the quantum control front, it
will be essential to design gauge-covariant pulse sequences and stabilizer codes tailored to
synchrony-protected qubits, while simulating time-domain Floquet drives to emulate syn-
thetic gauge dynamics in controllable laboratory setups. Theoretical work must extend the
Abelian synchrony connection to non-Abelian generalizations for multi-clock systems, carry
out loop-level renormalization of the A, interactions, and develop a path-integral quan-
tization framework complete with ghost sectors to ensure quantum consistency. Finally,
realizing synchrony-gauge symmetry in condensed-matter platforms—such as periodically
driven many-body systems—promises to stabilize novel time-crystalline phases and uncover
gauge-domain phase transitions. By pursuing these interwoven strands of experimental, the-
oretical, and technological development, the field can move from a conceptual resolution of
the problem of time to practical innovations in next-generation metrology, robust quantum
information networks, and new empirical tests of spacetime’s gauge structure.

The synchronization gauge symmetry can be incorporated directly into modern time-
and-frequency metrology by augmenting existing calibration models with a gauge-lapse term
0Ag. In practice, one would perform differential frequency comparisons between co-located
optical-lattice clocks and satellite-linked references, fitting for a small offset proportional
to Ap in the clock-rate data. Similarly, frequency-comb transfer between moving platforms
can be corrected for gauge-induced proper-time holonomies by including ¢ A,dz* in the
phase-transfer algorithm. In geodetic applications, the gauge correction dAy/N enters the
relativistic height calibration at the 1070 level, refining gravity-potential measurements
and height determinations to the sub-centimeter scale. Finally, integration of the gauge-field
contribution into the uncertainty budget of atomic-clock networks and GNSS timing solutions

will both improve consistency across international time scales and open a pathway to detect
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or constrain Planck-suppressed synchronization effects with unprecedented accuracy.

Even when a global time function is non-integrable, our method does not rely on a
universally defined time coordinate but rather on local definitions. We introduce an internal
U(1) gauge symmetry to govern clock synchronization, treating any local redefinition of clock
settings (i.e., the mapping from coordinate time to physical time) as redundant. In regions
where a local time function exists, this gauge symmetry ensures that physical evolution is
determined solely by gauge—invariant combinations of the ADM lapse and shift, which define
a consistent clock. Thus, even if non-integrability prevents stitching together a global time,
the dynamics of physical observables remain well-defined and consistent within each local
domain.

In conclusion, the introduction of a compensating gauge field to enforce local clock syn-
chronization in our reformulation of canonical general relativity has a profound impact on
time evolution. By combining the ADM lapse and shift with this gauge field, we construct
gauge—invariant quantities that uniquely fix the time evolution vector. This deparameter-
izes the Hamiltonian constraint and yields a consistent, physically meaningful internal clock
that ensures unitary evolution in the quantum regime while naturally canceling vacuum en-
ergy contributions. Moreover, our framework offers new insights into the interplay between
gravity and electromagnetism, as evidenced by predicted corrections to Maxwell’s equations.
Future work will involve a rigorous quantization of the theory using both canonical and
path-integral methods, detailed analysis of loop corrections and renormalization effects, and
thorough exploration of its phenomenological implications. In particular, detailed analyses
are needed to refine predictions for astrophysical observables and to design experimental

tests to empirically probe these gauge—theoretic modifications.
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