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Abstract

This commentary provides an expanded analysis of Oudeweg’s paper challeng-
ing the conceptual foundations of atomic time. We examine the core arguments for
reconsidering Ephemeris Time as a dynamically-grounded temporal parameter, ex-
plore gaps in the original treatment (particularly regarding relativity and quantum
mechanics), connect the proposal to broader physics, address practical objections,
and discuss philosophical implications. We argue that while atomic time remains
practically indispensable, the conceptual questions Oudeweg raises deserve serious
consideration in foundational physics.

1 Executive Summary
Oudeweg’s paper challenges a fundamental assumption of modern physics: that atomic
clocks define what time is, rather than merely measuring it with exceptional precision.
The author advocates for reconsidering Ephemeris Time (ET)—a dynamical, relationally-
defined temporal parameter grounded in gravitational motion—as conceptually superior
to atomic time for foundational physics.

2 Core Thesis and Argumentative Structure

2.1 The Central Claim

The paper argues that precision does not equal conceptual adequacy. While atomic
clocks (particularly cesium-133 standards) provide unprecedented measurement stability,
they represent a categorical mismatch: defining time through local, microscopic electro-
magnetic processes rather than the large-scale gravitational dynamics that time is meant
to parameterize.

2.2 The Historical Arc

The evolution of time measurement follows a clear trajectory:

1. Pre-modern era: Time defined by celestial motion (Earth rotation, lunar cycles)

2. Discovery phase (late 1800s–early 1900s): Recognition that Earth’s rotation
is non-uniform
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3. Ephemeris Time (1952–1967): Time defined implicitly through consistency of
celestial mechanics

4. Atomic era (1967–present): SI second defined by cesium-133 hyperfine transi-
tions

5. Proposed future: Epoch-free dynamical time divorced from arbitrary historical
anchors

3 Deeper Examination of Key Arguments

3.1 The Nature of Discovery vs. Convention

Oudeweg makes a subtle but profound distinction: the realization that Universal Time
(UT) produced systematic residuals in planetary motion wasn’t a failure of observation or
gravitational theory—it was a failure of the time parameter itself. This represents
time as something to be discovered through physical consistency rather than stipulated
by convention.

This echoes debates in the philosophy of science between:

• Conventionalism: Time units are arbitrary human constructs

• Realism: Time structure reflects objective physical relationships

The paper implicitly adopts a realist position while acknowledging the conventional
nature of scale factors.

3.2 Relational vs. Absolute Time

The epoch-free Ephemeris Time proposal aligns with Leibnizian/Machian relationalism:

• Time exists only insofar as change exists

• Temporal intervals are defined by ratios of motions

• No “absolute” clock ticks independently of physical processes

This contrasts with the Newtonian absolute time that atomic standards might seem to
instantiate, though modern physics has largely abandoned Newtonian absolutes through
relativity.

3.3 The Universality Argument

One of the paper’s strongest points is the universality consideration. An alien civilization
would:

• Potentially have different atomic spectra (or no atoms as we know them)

• Definitely observe gravitational dynamics

• Be able to reconstruct the same dynamical time parameter through motion

This suggests dynamical time has a universality that atomic time lacks—it’s tied to
the structure of spacetime and gravitation rather than the contingent properties of specific
atomic species.
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4 Critical Expansions and Implications

4.1 The Measurement Problem

The paper somewhat glosses over a practical tension: How do we actually implement
epoch-free Ephemeris Time?

In practice, any realization would require:

1. Initial conditions: Positions and velocities at some reference configuration

2. Computational framework: Numerical integration of gravitational equations

3. Observational data: Ongoing measurements to constrain the system state

This creates a chicken-and-egg problem: we need clocks to gather observational data,
but we’re trying to define what those clocks should measure. The solution likely involves:

• Using atomic clocks as instruments (not definitions)

• Iteratively refining the dynamical time scale through consistency checks

• Treating atomic time as a proxy that approximates dynamical time to high precision

4.2 Relativistic Complications

The paper mentions compatibility with relativity but doesn’t fully engage with challenges.

4.2.1 General Relativity introduces multiple time concepts

• Proper time (τ): Time along a worldline, measured by ideal clocks

• Coordinate time (t): Time coordinate in a chosen reference frame

• Cosmic time: Time in cosmological models with preferred foliations

Modern time scales (TT, TCB, TDB) are already relativistic constructions that:

• Account for gravitational time dilation

• Reference to specific reference frames (geocenter, solar system barycenter)

• Use atomic seconds as units while maintaining dynamical structure

The deeper question: In General Relativity, is there a “preferred” time that’s
dynamically distinguished? The paper’s proposal would need to address whether gravi-
tational dynamics uniquely determine a temporal structure or merely constrain a family
of admissible parametrizations.
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4.3 Quantum Gravity Considerations

At the intersection of quantum mechanics and gravity, the notion of time becomes even
more problematic:

• In some approaches to quantum gravity, time “emerges” from more fundamental
timeless laws

• The Planck scale (∼ 10−43 seconds) may represent a fundamental limit to temporal
resolution

• Atomic processes and gravitational dynamics might both be emergent from deeper
quantum geometrical structures

Oudeweg’s proposal could be seen as intermediate: more fundamental than arbitrary
atomic choices, but perhaps not ultimate.

4.4 The Scale Invariance Question

The paper emphasizes that epoch-free ET is “scale-invariant” with units chosen by con-
venience. But this raises questions:

Physical dimensions matter: Even if we can rescale time, the dimensionless ratios
between temporal and spatial scales, or between gravitational and electromagnetic time
scales, are physically meaningful. These dimensionless constants (like the fine structure
constant α ≈ 1/137) characterize our universe.

An interesting extension: Could we define time such that certain fundamental dimen-
sionless ratios take simple values? This would be analogous to “natural units” in particle
physics.

5 Connections to Broader Physics

5.1 Action Principles and Variational Mechanics

The paper briefly mentions “extremizing action” in relativistic contexts. This deserves
expansion:

In Lagrangian/Hamiltonian mechanics, time is the parameter with respect to which
action is varied:

S =

∫
L(q, q̇, t) dt (1)

But in the Hamilton-Jacobi formulation and in general relativity, time can itself be
treated as a dynamical variable. This leads to “timeless” or “parametrized” formulations
where:

• An arbitrary parameter λ parametrizes trajectories

• Time t becomes a function t(λ) determined by dynamics

• Physical observables are correlations between quantities, not values at absolute
times

Ephemeris Time aligns naturally with this view: time is whatever parameter makes
the dynamics simplest.
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5.2 Thermodynamics and Arrow of Time

A limitation of the paper: it doesn’t address the thermodynamic arrow of time. Grav-
itational dynamics (at least classically) are time-reversal symmetric. Atomic processes
involve electromagnetic interactions that are also fundamentally reversible. Yet we expe-
rience a directional flow of time.

Questions this raises:

• Should a fundamental definition of time incorporate irreversibility?

• Or is the arrow of time a separate issue from time’s parametrization?

• Could cosmological expansion provide the “clock” for an epoch-free cosmological
time?

5.3 Information-Theoretic Perspectives

Modern physics increasingly views information as fundamental. An alternative view of
time:

• Time is the dimension along which information propagates

• Temporal order reflects causal structure (lightcone ordering)

• The “flow” of time corresponds to increasing correlations (entanglement growth)

This information-theoretic perspective might support dynamical time over atomic
time: gravitational interactions transmit information and establish causal relationships
across space, while atomic oscillations are essentially local and causally isolated.

6 Practical Objections and Responses

6.1 Objection 1: “Atomic time enables GPS, telecommunica-
tions, and precision tests”

Response: The paper grants this but distinguishes between:

• Engineering utility: Atomic clocks are superb instruments

• Conceptual foundation: What time is versus how we measure it

Analogy: The meter was once defined by a platinum-iridium bar, then by wavelengths
of krypton light, now by fixing the speed of light. In each case, the underlying concept
of length remained tied to spatial extension, not the particular realization method.

6.2 Objection 2: “Ephemeris Time is impractical for real-time
applications”

Response:

• Modern computational ephemerides (JPL DE440, INPOP) provide real-time dy-
namical time to high precision
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• Space-based astrometry (Gaia, future missions) could enable continuous dynamical
time determination

• The delay between observation and time realization is a practical constraint, not a
conceptual flaw

Importantly: Even if atomic time remains the practical standard, recognizing its
conceptual limitations could guide future developments.

6.3 Objection 3: “This is just semantics—atomic time approxi-
mates dynamical time anyway”

Response: This is actually the paper’s strongest validation! The fact that atomic time
and dynamical time agree to extraordinary precision (differences accumulate slowly due
to Earth’s rotation changes) suggests:

• Atomic processes track something physically real

• That “something” might be the dynamical time structure of spacetime

• But the agreement is empirical, not guaranteed by the definition

If the rates diverged significantly, we’d need to decide which definition is more funda-
mental. The paper argues dynamical time should win that contest.

7 A Constructive Proposal: Hybrid Approach
Rather than completely replacing atomic time, consider a hybrid framework:

7.1 Tier 1: Foundational Definition

Time is the parameter that renders gravitational dynamics self-consistent (possibly gen-
eralized to spacetime geodesic structure in GR). This is the physical definition of time.

7.2 Tier 2: Practical Realization

Atomic clocks provide the operational standard, validated by their agreement with dy-
namical time as inferred from astronomical observations. Regular comparisons ensure
consistency.

7.3 Tier 3: Technological Applications

Continue using atomic time for engineering purposes (GPS, telecommunications, etc.)
with the understanding that this represents a highly stable approximation to the physi-
cally meaningful time parameter.

This three-tier structure separates:

• What time is (foundational)

• How we measure it (practical)

• How we use it (technological)
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8 Open Questions and Future Directions

8.1 Quantum-Classical Interface

How does the smooth classical time of gravitational dynamics relate to the discrete quan-
tum jumps of atomic transitions? Is there a more fundamental framework that unifies
both?

8.2 Cosmological Time

In an expanding universe, should time be tied to:

• Cosmic expansion (using the Hubble parameter)?

• The age of the universe since the Big Bang?

• Local gravitational dynamics?

8.3 Extreme Environments

How should time be defined:

• Near black hole horizons where gravitational dynamics become extreme?

• In the early universe where quantum gravitational effects dominate?

• In hypothetical regions with different physical constants?

8.4 Practical Implementation

Could we develop a “consensus dynamical time” maintained by:

• Network of gravitational observatories

• Space-based astrometric missions

• Integration with atomic time standards for short-term stability

9 Philosophical Implications

9.1 Scientific Realism

The paper supports a realist interpretation of time: there is a fact of the matter about
temporal structure, discoverable through physics, not merely stipulated by convention.

7



9.2 Explanation and Understanding

Even if atomic and dynamical time remain empirically equivalent, the dynamical defini-
tion provides better explanation:

• It connects time to the phenomena it governs

• It makes explicit why certain processes are good clocks (they track fundamental
dynamics)

• It suggests what could go wrong (if atomic rates became decoupled from gravita-
tional dynamics)

9.3 Unity of Physics

Grounding time in gravitational dynamics promotes conceptual unity: the same frame-
work (spacetime geometry) that governs matter motion also defines the temporal param-
eter. Atomic time, by contrast, introduces a conceptual gap between microphysics and
macrophysics.

10 Conclusion
Oudeweg’s paper performs valuable philosophical work by distinguishing precision from
conceptual adequacy. The key insights:

1. Historical contingency: Atomic time was adopted for practical reasons in the
1960s, not because of resolved foundational arguments

2. Conceptual coherence: Defining time through the dynamics it governs is more
intellectually satisfying than defining it through unrelated atomic processes

3. Universality: Dynamical time transcends the particulars of atomic physics

4. Practical viability: Modern technology increasingly makes dynamical time real-
izable in real-time

The paper doesn’t demand immediate overthrow of atomic time standards. Rather,
it invites physicists and metrologists to:

• Recognize the conceptual limitations of current definitions

• Maintain openness to alternative frameworks

• Consider dynamical consistency as the ultimate arbiter of temporal correctness

In an era when physics confronts deep puzzles (quantum gravity, cosmological ten-
sions, the nature of time in quantum mechanics), reconsidering foundational definitions
is not nostalgia—it’s essential intellectual hygiene.

The question “What is time?” remains open, and papers like this ensure it stays open
in productive ways.
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Suggested Further Reading
• Barbour, Julian. The End of Time (on timeless approaches to physics)

• Rovelli, Carlo. The Order of Time (on time in quantum gravity)

• Jammer, Max. Concepts of Simultaneity (historical development of time concepts)

• Earman, John. World Enough and Space-Time (philosophical analysis of spacetime
structure)

• IAU and BIPM standards documents (for technical details of current time scales)
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