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Abstract

The modern definition of time is rooted in atomic physics, with the SI second de-
fined by the hyperfine transition of the cesium-133 atom. While this definition provides
exceptional precision and operational stability, it embeds timekeeping within a local,
microscopic, and fundamentally non-dynamical phenomenon. This paper argues that
atomic time, despite its technical success, represents a conceptual misalignment be-
tween the definition of time and the physical role time plays in gravitational dynamics,
celestial mechanics, and cosmology. We revisit Ephemeris Time (ET), a historically
important but prematurely abandoned dynamical time scale, and argue for its refor-
mulation as an epoch-free, relational, and scale-invariant temporal parameter. By
grounding time in large-scale gravitational motion rather than atomic resonance, such
a reformulation restores conceptual coherence, avoids arbitrary constants, and aligns

temporal measurement with the structure of physical law.



1 Introduction

Time is indispensable to physics, yet its definition is rarely scrutinized at a foundational
level. In contemporary metrology, time is treated as a quantity realized by atomic clocks,
whose extraordinary stability has enabled advances in navigation, telecommunications, and
fundamental tests of relativity. This practical success has fostered the widespread assump-
tion that atomic oscillations provide not merely a convenient measure of time, but its very
definition.

This assumption is historically recent. For most of scientific history, time was inferred
from motion: the rotation of the Earth, the orbit of the Moon, and the apparent motion of
the Sun. These methods were abandoned only when it became clear that terrestrial rotation
is neither uniform nor dynamically fundamental. Ephemeris Time (ET) was introduced
as a solution to this problem, defining time implicitly through the consistency of celestial
mechanics.

The subsequent replacement of ET by atomic time resolved operational difficulties but
obscured deeper conceptual questions. What is time a measure of? Should time be defined
by a local microscopic process, or by the large-scale dynamics it is meant to parameterize?

This paper argues that the latter view is physically and philosophically superior.

2 The Discovery of Non-Uniform Time

The inadequacy of Earth-rotation-based timekeeping became evident in the late nineteenth
and early twentieth centuries through discrepancies in lunar and planetary motion. When
Universal Time (UT) was used as the independent variable in gravitational equations, sys-
tematic residuals appeared that could not be eliminated by refining observational techniques
or dynamical models.

These discrepancies were not failures of Newtonian gravity, but failures of the assumed

time parameter. The realization that time itself must be treated as an unknown marked a



profound conceptual shift. ET emerged as the time variable for which celestial mechanics
achieved internal consistency.
This episode demonstrates a crucial point: time is not merely read from a clock, but

inferred from the coherence of physical law.

3 Definition and Nature of Ephemeris Time

Ephemeris Time was defined implicitly, not operationally. It was the time argument that
rendered the equations of motion of the solar system simplest and most accurate. Its unit,
the ephemeris second, was later fixed as a fraction of the tropical year 1900 for practical
reasons, but this choice did not define the essence of ET.

ET treated time as relational and dynamical. It existed only insofar as motion existed,
and it was determined by fitting theory to observation across an entire gravitational system.

This made ET conceptually robust but operationally cumbersome.

4 Atomic Time and the Loss of Dynamical Meaning

Atomic time defines the second as a fixed number of oscillations of a specific atomic transi-
tion. This definition is exact, reproducible, and extraordinarily stable. However, it is also
fundamentally local and non-dynamical.

Atomic clocks measure electromagnetic processes within atoms. These processes are
largely insensitive to the gravitational environment and bear no intrinsic relationship to the
large-scale dynamics of matter. The choice of cesium-133 is historical and contingent, not
physically necessary.

By elevating atomic oscillations to the status of a fundamental temporal standard, mod-
ern metrology divorces time from the dynamics it governs. Time becomes a laboratory

artifact rather than a parameter emerging from physical law.



5 Precision Versus Physical Significance

A recurring argument in favor of atomic time is its unmatched precision. However, precision
alone cannot justify a definition at the foundations of physics. A quantity can be measured
with extreme accuracy and still be conceptually misplaced.

Celestial mechanics, cosmology, and gravitation do not require atomic clocks to exist.
They require a time parameter that renders dynamical laws coherent. Atomic time excels as
an engineering tool, but its success in applications should not be conflated with ontological

adequacy.

6 The Problem of Arbitrary Epochs

The historical definition of the ephemeris second relied on the tropical year 1900, introducing
an apparent dependence on a specific epoch. This dependence has often been cited as
evidence that ET is inherently flawed. In reality, the flaw lies in the implementation, not
the concept.

There is no physical reason to privilege any particular epoch. An epoch-free Ephemeris
Time would define time relationally, without reference to historical calendars or specific

astronomical configurations. Time would be scale-invariant and free of arbitrary anchors.

7 An Epoch-Free Dynamical Time

We propose defining time 7 as the parameter that satisfies gravitational dynamics without

empirical corrections:
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In this formulation, time is not measured directly but inferred from the requirement of
dynamical self-consistency. A unit of time is fixed only up to a scale factor, which may be

chosen for convenience but does not define the essence of time itself.



Such a definition mirrors how length was historically treated before the adoption of atomic

standards: relational, scalable, and grounded in physical structure.

8 Compatibility with Relativity and Cosmology

Modern relativistic time scales such as TT and TDB preserve the mathematical structure
of ET but substitute atomic seconds as units. This hybrid approach inherits the conceptual
weaknesses of atomic time while obscuring the dynamical motivation of ET.

An epoch-free Ephemeris Time could, in principle, be generalized to relativistic frame-
works by defining time as the parameter that extremizes action or preserves geodesic struc-
ture, independent of atomic realizations. This approach aligns naturally with cosmological

models, where atomic clocks are neither fundamental nor universal.

9 Universality and Extraterrestrial Timekeeping

Atomic time implicitly assumes the availability of specific atomic species and controlled
laboratory conditions. A dynamical time scale based on gravitation would be universally
realizable wherever matter and motion exist. Civilizations elsewhere in the universe, ob-
serving different atomic spectra, could nonetheless recover the same dynamical time through
gravitational motion.

This universality strengthens the case for a dynamical definition of time over an atomic

one.

10 Objections and Practical Considerations

It is often argued that ET is impractical for real-time use. While historically true, advances
in computational ephemerides, space-based observations, and numerical integration have

dramatically reduced this limitation. Moreover, practical convenience should not determine



foundational definitions.
Another objection is that atomic time underpins modern technology. This need not be
disputed. Atomic clocks may remain indispensable instruments, even if they cease to define

time itself.

11 Philosophical Implications

An epoch-free Ephemeris Time supports a relational view of time, consistent with Machian
ideas and with the structure of both classical and relativistic dynamics. Time becomes an
emergent parameter, defined by change rather than imposed upon it.

This perspective dissolves the distinction between clock time and physical time, restoring

motion as the primary source of temporal meaning.

12 Conclusion

The replacement of Ephemeris Time by atomic time was a pragmatic decision driven by
technological constraints, not a resolution of foundational questions. While atomic time has
proven extraordinarily useful, it lacks the dynamical grounding appropriate for a fundamental
definition of time.

We argue that an epoch-free Ephemeris Time, defined implicitly through gravitational
dynamics, offers a conceptually coherent and physically meaningful alternative. Reconsid-
ering the foundations of timekeeping is not merely an exercise in nostalgia, but a necessary

step toward aligning temporal measurement with the structure of physical law.
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