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Abstract

A physical atomic clock measures time locally by accumulating cycles of a defined reference process.
For clock i, the measured interval is

AN,
Ny’

At; =

where ANi is the accumulated number of reference cycles and Ny defines the second. Relativistic
proper time is defined as the time measured by that same local clock. Consequently, for the same
clock and the same pair of local events,

AN,

A'T.I' = Att = .
No

This paper examines the physical implications of this identity. A clock produces one local physical
record; it does not independently measure a local time ti and a proper time ti. Different reference
systems may describe the same clock using different coordinate-time intervals and different relative
velocities, but every valid relativistic reconstruction of the same clock interval must reproduce the
unique locally measured proper time. Thus, coordinate description and physical clock accumulation
must be clearly distinguished.

Relativistic clock predictions are therefore ultimately experimentally testable as differences between
physical clock records, rather than merely as differences between coordinate descriptions. Space-
based atomic-clock experiments such as ACES provide a particularly direct setting for comparing
these predictions with locally accumulated clock intervals.



1. Introduction

Time dilation is one of the fundamental
predictions of relativity. It is commonly
formulated by distinguishing coordinate time
from proper time and by relating these
guantities through the relative motion of
clocks, their trajectories, and, in general
relativity, the gravitational field.

A physical clock, however, performs a much
simpler operation. It does not measure relative
velocity, a Lorentz transformation, or a
coordinate system. It locally accumulates
cycles of a physical reference process. For an
ideal atomic clock i, the measured time interval
can therefore be expressed as

AN;
Ati = s,
Ny

where ANi is the number of reference cycles
accumulated by the clock and NO is the number
of such cycles defining one second.

Throughout this paper, Ati denotes this locally
measured clock interval. It should not be
confused with the coordinate time
conventionally denoted by t in relativistic
equations. Coordinate time will be introduced
separately when required.

Relativity defines the proper-time interval Ati
as the time interval measured locally by a clock
along its own history. For the same clock and
the same pair of local events, the locally
measured interval and the proper-time interval
therefore refer to the same physical record:

AN;

0

At = Aty =

s.

This elementary identity motivates the central
question of this paper. If both Ati and Ati refer
to the interval measured by the same physical
clock, what physical distinction remains
between them?

The question becomes particularly important
when a single clock is described from several
different reference systems. Clock A, for

example, may have different relative velocities
with respect to observers B,C,D,.... There is
therefore no unique relative velocity va that
can characterize the physical operation of clock
A. Nevertheless, between two specified events
on its history, clock A produces only one
physical record,

ANA!

and consequently one locally measured
interval,

At;l}

and one proper-time interval,

ATy.

All valid relativistic descriptions of this same
interval must therefore reproduce

AN,

ATJ’i - Atﬂ. — ?
Ny

independently of the reference system from
which the calculation is performed.

This observation separates two operations that
are often discussed together. The first is the
physical measurement of time by a clock
through the accumulation of cycles. The
second is the mathematical description or
prediction of that clock interval from a
selected reference system. Different
coordinate systems may assign different
coordinate times, velocities, and spatial
coordinates to the same clock history, but they
cannot change the physical cycle count already
accumulated by the clock.

The distinction becomes experimentally
decisive when two independent clocks are
compared. Each clock produces its own local
record,

ANA and ANB.

If the records are equal,

AN4s = ANp,



then necessarily

Aty = Atg
and

ATq = ATp.

If the records differ, then the difference
represents a real difference in locally
accumulated clock intervals and requires a
corresponding physical and theoretical
explanation. It cannot be created or removed
merely by changing the reference system used
to describe the clocks.

The purpose of this paper is therefore not to
qguestion the mathematical consistency of
Lorentz  transformations as coordinate
transformations. It is to examine more
specifically the relation between three
guantities associated with a physical clock:

AN& N Afi N ATI' .

The analysis asks what is directly measured,
what is calculated from a relativistic
description, and what consistency conditions
must hold between the two. In particular, it
examines the requirement that every valid
description of a given clock interval reproduce
the same locally accumulated physical record.

The resulting proposition is experimentally
testable. Any predicted difference between the
proper times of two atomic clocks must
ultimately appear as a difference between
their accumulated physical clock records.
Precision atomic-clock comparisons therefore
provide a direct empirical test of the relation
developed in this paper. Precision atomic-clock
comparisons provide a direct means of
answering this question, while relativistic
calculations provide predictions that must
ultimately be tested against those physical
clock records.

2. Measurement of Time

A physical clock measures a time interval
locally by accumulating repeated cycles of a
reference process. The measurement is
associated with two events occurring at the
clock itself.

Let D; and D, denote two such local events for
an ideal atomic clock i, and let

ANi = Ng(DQ) N{'(Dl)

be the number of reference cycles
accumulated between them.

The Sl second provides the unit in which this
interval is expressed. For the cesium-133
reference transition, one second corresponds
to

Ny =9192631770

periods of the specified radiation. The locally
measured time interval is therefore

AN;
Ati = L s
No

2.1 Meaning of At;

Throughout this paper, the symbol
At;

denotes the time interval locally measured by
clocki.

This notation is deliberately distinguished from
coordinate time used in  relativistic
calculations. In standard relativistic notation
the symbol t is commonly used for coordinate
time. To avoid ambiguity, when a coordinate-
time interval is required later in this paper, it
will be denoted by

AT

i

where | identifies the reference system in
which that coordinate interval is defined.

Thus,



Aty

means the interval physically measured by
clock A, whereas

ATy

means a coordinate-time interval defined in
reference system B.

These quantities must not be confused.
2.2 The Physical Clock Record

The primary physical record produced by clock
i is the accumulated cycle count

AN;.

The corresponding locally measured interval is
obtained directly from

AN,

Ati = .
Ny

The clock does not need to know its velocity
relative to another observer, its position in an
external coordinate system, or the trajectory
by which it arrived at its present location in
order to produce this local record.

Its measurement is therefore autonomous:

AN£ ¥ Att

For two ideal clocks A and B,

Aty = ANA’
Nﬂ
and
ANpg
Atp = )
=N,

Both measurements are expressed using the
same defined unit of time.

2.3 Equal Seconds and Equal Intervals

The equality of the unit must be distinguished
from the equality of accumulated intervals.

Both ideal clocks realize the same defined
second:

Equivalently, the same number NO of reference
periods corresponds to one second for either
clock.

If
AN, = ANp,

then necessarily

Aty = Atp.

If instead
AN, # ANp,

then the measured intervals are different:

Aty # Atp.

The distinction is important because it keeps
the definition of the unit separate from the
physical result of a clock comparison.

2.4 What Is and Is Not Part of the
Measurement

The local measurement relation

AN,
N(]

At;

contains no relative velocity and no coordinate
transformation.

Quantities such as
VA/B, VA/Cs ATg, ATc

may later be introduced to describe the clock
from different reference systems. They are not
additional quantities measured by clock A
when it determines its own local interval.

This distinction establishes the terminology
used throughout the paper:

AN; = physical cycle count,

At; = locally measured clock interval,

and, when required,



AT; = coordinate-
time interval in reference system j.

The next question is then whether relativistic
proper time introduces a physically distinct
clock quantity or whether, for the same clock
and the same local events, it refers to the same
measured interval.

3. Proper Time

Relativity defines proper time as the time
measured by a clock along its own history.
Consider an ideal clock A and two local events
Al and A2 occurring at that clock. The proper-
time interval between these events is denoted
by

ATy,

In the terminology introduced in the preceding
section, the interval locally measured by the
same clock between the same two events is

Since proper time is defined as the interval
measured by that clock, the two quantities
refer to the same physical clock record:

ANy
S

A'i‘}l — Atﬂ =
No

The same relation holds for every ideal clock i:

3.1 One Physical Record
The equality
AT, = At;

does not represent a comparison between two
independent measurements. Clock i does not
separately record Ati and Arti. It produces one
physical record,

AN: 3

from which its locally measured interval is
obtained.

Thus,

AN; > Ati = Aﬂ.

At the level of local measurement, proper time
therefore introduces no second physical clock
reading in addition to Ati.

This point is important for the terminology of
the present paper. The quantities

At;
And
A'T.E'

have different conceptual origins: Ati denotes
the locally measured clock interval as defined
in Section 2, whereas ATi is the relativistic term
for the proper-time interval of that clock. For
the same clock and the same two local events,
however, their numerical values must be
identical.

3.2 Proper Time and Coordinate Time

Proper time must be distinguished from
coordinate time.

As defined in Section 2, a coordinate-time
interval in reference system j will be denoted in
this paper by

AT;

417

In general,

AT; # A,

may hold.

This does not imply that clock i possesses two
different local times. It means that ATj and Ati
describe different quantities: the former is a
coordinate interval assigned within reference
system j, while the latter is the interval locally
recorded by clock i.



The essential distinction is therefore

‘ATJ — coordinate-time interval,

whereas

‘ AT1; = At; = locally measured clock interval. ‘

This separation will be maintained throughout
the paper.

3.3 Several Clocks

For several ideal clocks A,B,C,... each clock has
its own local physical record:

AN

ATA = Atd = A,
Ny

ANg

Arp = Atg = s
Ny

ANg

ATC = /_\t(; = - .
Ny

and generally,
At = At; = AN
Ny

These relations establish the equality between
proper time and locally measured time for
each clock individually. They do not vyet
establish  that different clocks have
accumulated equal intervals:

Atg L Atp.
Equivalently, they do not yet establish
AN, = ANjp.
That is a separate physical question.
3.4 The Question Raised by Proper Time

We can now state the conceptual issue
precisely.

For a single physical clock,

AN,
Ny

A = g =

Proper time and locally measured time
therefore cannot represent two different
physical readings of that clock.

This raises two related questions.

First, if a distant reference system uses
coordinate quantities to calculate the proper-
time interval of clock i, must that calculation
reproduce the locally measured value

At;?

Since proper time is defined by the local clock,
the required consistency condition is

ATY) = A,

for every valid reconstruction of the same clock
interval from reference system j.

Second, when two independent clocks are
considered, what determines whether

AN4 = ANgpg

or

AN, # ANg?

These are different questions. The first
concerns different descriptions of the same
physical clock record. The second concerns a
comparison of two physical clock records.

Keeping these two problems, separate is
essential for interpreting relativistic clock
comparisons.

4. Local Clock Accumulation

An ideal atomic clock measures time through
the local accumulation of cycles of a defined
reference process. For every clock i,

AN;
At; = .,
Ny

and, as established in the preceding section,



Consequently,

AN;

ATI' = At_,' =
No

These three quantities are not independent
descriptions of three different physical
processes. They refer to one local clock record.

4.1 Identical Local Clocks

Consider two identical ideal atomic clocks A
and B.

Clock A locally realizes the defined atomic
reference process, and clock B locally realizes
the same reference process. Their
measurements are

AN,y
At;i = - 3
Ny
and
AN
Atg = =B,
Ny

The definition of the second is the same for
both clocks:

Ny =9192631770

reference periods per second.

Thus, one locally realized second at A and one
locally realized second at B correspond to the
same defined number of reference periods:

No relative velocity appears in this local
definition.

4.2 Local Clock Hypothesis

The present analysis adopts the following
physical hypothesis:

Identical ideal atomic clocks whose local
reference processes are subject to
identical local physical conditions realize
the same local rate of clock accumulation.

A clock does not require knowledge of its
velocity relative to surrounding objects in order
to realize its atomic reference process. Clock A,
for example, may simultaneously have
different relative velocities

VA/B» VA/C VA/Dy -
with respect to different reference systems.

There is therefore no unique relative velocity va
that can be regarded as a local physical
property of clock A.

Its local physical record remains

ANA ta Afﬂ = ATA.

The same applies independently to clock B.

4.3 Relative Motion and the Local Atomic
Process

Relative velocity describes a relation between
two systems. It is not, by itself, a locally unique
property of either system.

If clock A has velocity

VA/B
relative to B, and simultaneously
Va/c
relative to C, with
Va/B - Va/os

the atomic process inside clock A cannot
possess two different local rates corresponding
to these two external descriptions.

Clock A produces only one sequence of
reference cycles,

Ny.

Therefore it has one locally measured interval
Ata

and one proper-time interval

ATy,



Accordingly,

is independent of which external reference
system is later used to describe clock A.

This does not prohibit different coordinate
descriptions. It requires only that every valid
description remain consistent with the unique
local clock record.

4.4 Equal Local Rates and Accumulated
Intervals

For identical ideal clocks under identical local
physical conditions, the hypothesis of equal
local clock rates can be written as

dN4 _ dNg

——5 _NysL.
dt,  dig 0

Equivalently, each locally measured second
corresponds to the same number Ng
accumulated reference cycles.

If equal local intervals are considered,

Aty = Atp,
then necessarily
ANy = ANp,
because
ANy = NyAty
and
ANp = NyAtp.
Since
ATty = Aty
and
ATt = Atp,

it follows directly that

Aty =Atg = Ary=ATp

and

ANy, = ANp.

The equality is therefore a statement about
physical clock accumulation, not about how
one clock appears from another reference
system.

4.5 Consequence for Proper Time

For every individual clock,

AN;

ATI' = Att = o
Ny

Therefore a relativistic description of clock A
from another reference system cannot assign a
second physical proper-time interval to the
same clock between the same local events.

It must reconstruct the interval already
represented by

AN,.

For the same clock interval,

ATAB) = ATjic) = = Ama = Aty

Different reference systems may use different
coordinate times and different relative
velocities to obtain this result. The physical
result itself remains unique.

This establishes the principle used in the
following section:

The physical clock record is local
and unique different reference systems
provide different descriptions of it.

Any valid relativistic description must preserve
this distinction,

5. Relativistic Description and
Physical Measurement

The preceding sections distinguish the local
physical record of a clock from the coordinate



description used to represent that clock from
another reference system.

For clock A, the locally accumulated number of
reference cycles determines

ANy

AtA = A'TA =
Ny

This is the physical record of clock A.

Relativity permits the same clock interval to be
described from many different reference
systems. These descriptions may involve
different coordinate times and different
relative velocities. However, if they refer to the
same clock A and the same two local events,
they must all reproduce the same proper-time
interval.

Figure 1. Local clock record and its
reconstruction from different reference
systems.

Clock A produces a unique local physical record
AN, corresponding to the locally measured
interval AtA and proper-time interval AtA.
Reference systems B and C may describe the
same interval using different coordinate times
and relative velocities. A consistent relativistic
reconstruction must nevertheless reproduce
the same invariant proper-time interval.

5.1 One Clock, Different Reference Systems

Consider clock A described from reference
systems B and C.

The relative velocities need not be equal:

This relation is illustrated in Fig. 1. va/B 7 va/c-
( ArP # Arl® ]
Ve Ye.
B —_—
B <o
AT £ Aty ’ . | ATE) £ At ’
(B) (C)

same proper time
ATA of clock A
AtA same locally measured

AN 4 same physical record:

time of clock A

number of cycles
counted by clock A

AT; ¢ coordinate time interval in frame j

vafy ¢+ velocity of A relative to frame j

AT, : proper time interval of clock A
At4 : locally measured time interval of clock A

AN 4 : number of cycles counted by clock A

A £ AL, =

inconsistent reconstruction

A different reconstructed value does not mean that
the clock in A runs at a different rate,
but that the reconstruction is inconsistent.

Figure 1. Local clock record and its reconstruction from different reference systems.



Similarly, the coordinate-time intervals
assigned in the two systems need not be equal:

ATg # AT

For simplicity, first consider uniform relative
motion. In reference system B, the relativistic
relation is

| '?_}2
| z’]._,-"B
dry = dTg \;‘ 1 .

7

For a constant relative velocity,

| v 2
/ A/B
ATA = ATBV 1 c'2

Reference system C describes the same clock
interval as

f P2
Aty = AT 1 — A€
TA = c\; 2
Although
vA/B # Va/C
and
ATy # AT,

both calculations must reproduce the same
invariant proper time:

' V1B / vic
ATBV 1 c2 = AT(,*\;" 1 ;2 — = AT4.

Since the proper time of clock A is its locally
measured interval,

/ 2 [ 2
f Vi/B [ Yic ANy
ATB\( 1 o = AT()\( 1 = = ATqg = Atg = No
This equation summarizes the central

consistency requirement of the relativistic
description.

5.2 A Numerical Example

A simple numerical
distinction transparent.

example makes the

10

Suppose clock A locally records
Atg = 10s.
Therefore,
A1y =10s.
Let reference system B move relative to A with
va,p = 0.6¢.

The Lorentz factor is

1
_ = 1.25.

BT 0.62

The corresponding coordinate-time interval in
system B is therefore

ATB = ’}/BATA = 12.5s.

When B reconstructs the proper time of clock

AI
Aty =12.5v1 — 0.62,

and obtains

Now let reference system C have a different
relative velocity,

vy/c = 0.8c.
Then
1 &
"}/Cr = = =
v1-0.8 3

The corresponding coordinate interval is

ATe = yoAT4 = 16.667 s.
The reconstruction gives
Aty = 16.667v/1 — 0.82 ~ 10 s.

Thus,

ATB =125 8, AT(f = 16.667 5,

while

AT = Arl®) = Aty =10s.




The coordinate descriptions are different. The
physical clock interval is not.

5.3 General Form

The same principle applies when the relative
velocity is not constant.

From reference system j,

(T3)

A w2 (T
A7y = / \ 1-
A &

Another reference system k may use a different
velocity function and a different coordinate
time:

dT;.

O E—— To)

-AE | y 1 A E
| ASK

Aty = f \ 1 - ———
1'1_1 c‘

If both calculations describe the same events
A1, A; on the same clock A, then

il
E

Ay / »Uj N Ay f v % "
f \ 1 —2’ dT; = / \ 1— = dT}. = Ary.
A, c A c

And because
ATy = At y,

both descriptions must reproduce the locally
accumulated cycle count:

Ay { v % o
N, f \ 1 - —2dT; = AN,.
A4 c”

The accumulated number of cycles therefore
provides a direct physical consistency condition
for the coordinate calculation.

5.4 Coordinate Description Does Not Create a
Second Clock Rate

The preceding equations reveal an important
distinction.

Clock A itself does not use
VA/B

or

11

va/c

to determine its local interval. It simply
accumulates its physical reference cycles:

ANg4.
The quantities
UA/B> ATp
and
Va/CH ATe

belong to different coordinate descriptions of
this same clock record.

Consequently, the fact that
YA/B = Va/c

cannot imply that clock A simultaneously
possesses two different physical rates.

The distinction can be summarized as

different coordinate descriptions are not
different physical clock records.

Instead,
(ATB{UA,-’B) > ATy,
and
(ATc,va/c) — ATa,
with
ATy = Aty = ANa
Ny

Relative velocity is therefore a quantity
entering the coordinate reconstruction of the
clock interval. It does not provide an additional
local reading of clock A.

5.5 Consistency with Physical Measurement

The local cycle count provides a simple test of
every reconstruction of clock A.

If clock A records



ANA!

then its measured interval is fixed:

AN,

Aty =
Ny

Its proper-time interval is consequently

Any calculation from another reference system
that claims to reconstruct the proper time of
this same clock between the same events must
yield this value.

Therefore,

AT = Aty

£

must hold for every valid reference system j.

If instead a reconstruction gives
ATV £ Aty,

the two values cannot both represent the
proper-time interval of clock A between the
same events.

The discrepancy cannot be interpreted as clock
A possessing a different physical rate merely
because it is described from another reference
system. It indicates that the reconstruction
does not correspond to the specified local clock
interval—whether because different events
have been compared, the transformation has
been applied incorrectly, or the theoretical

model does not reproduce the physical
measurement.
Thus,

‘ same clock + same local events ‘

necessarily implies

‘Samc AN,4, same Aty, same Aty. ‘

A reference-frame transformation may change
the coordinate quantities used in the

12

description. It cannot change the physical clock
record to which that description refers.

6. Experimental Test

The distinction developed in the preceding
sections ultimately concerns a measurable
physical quantity. For every atomic clock i,

AN,
ATI' = Att = I.
NU

A theoretical prediction of a difference
between two clock intervals therefore
corresponds to a prediction of a difference
between their accumulated physical clock
records.

The appropriate experimental test s
consequently a comparison of highly stable
atomic clocks operating under different
physical conditions.

The Atomic Clock Ensemble in Space (ACES)
provides an exceptionally important realization
of such an experiment.

6.1 From Atomic Timekeeping to ACES

The development of atomic clocks transformed
time from a quantity measured by macroscopic
periodic systems into one referenced to
reproducible atomic transitions.

The Sl second is presently defined through the
caesium-133 hyperfine transition, assigning
the fixed value

Ny =9192631770
periods to one second.

Increasing clock stability and accuracy
gradually made it possible not only to maintain
time but also to use clocks as instruments for
testing fundamental physics.

ACES represents a major step in this
development. Its origins extend back more
than three decades. The mission was
conceived to bring a new generation of atomic



clocks into the microgravity environment of
space and to compare their time and frequency
with high-performance clocks distributed on
Earth. Early ESA descriptions already identified
the mission as an experiment in both
fundamental physics and time-and-frequency
metrology.

After a long development programme, ACES
was launched to the International Space
Station on 21 April 2025. On 25 April 2025 it
was installed on the Earth-facing side of ESA's
Columbus laboratory.

This history is significant. ACES was not
conceived merely as a more accurate clock in
space. From its beginning, comparison
between clocks under different physical
conditions was one of the central purposes of
the mission.

6.2 The ACES Clocks

At the heart of ACES are two complementary
atomic clocks.

PHARAO is a cold-atom caesium clock
developed by CNES. Microgravity allows laser-
cooled caesium atoms to interact with the
clock's microwave field for longer periods than
would be practical in an equivalent compact
terrestrial apparatus. The second clock is the
Space Hydrogen Maser (SHM), which provides
excellent short- and medium-term frequency
stability. Their complementary properties are
combined to form the ACES time reference.

The importance of PHARAO for the present
discussion is particularly clear. It is a caesium
atomic clock and therefore realizes time
through an atomic reference process closely
connected with the physical definition of the
second.

ACES consequently places an extremely stable
atomic reference in an environment physically
different from that of terrestrial reference
clocks.

13

The comparison is then between local clock
records produced in space and local clock
records produced on Earth.

6.3 Original Scientific Objectives

The scientific objectives of ACES were broad
from the beginning.

Early ESA mission documents identified three
principal goals:

1. demonstration of a new generation of
high-performance atomic clocks in
space;

2. precise comparison and
synchronization of ultra-stable clocks
distributed around the world;

3. fundamental-physics tests, particularly
an improved measurement of the
gravitational redshift and tests
involving fundamental constants and
relativity.

General relativity predicts that clocks at
different gravitational potentials accumulate
different proper-time intervals. ACES was
designed to compare the space clock with
terrestrial clocks with sufficient precision to
test this prediction much more accurately than
earlier space-clock experiments. Early ESA
documentation targeted a gravitational-
redshift measurement with relative
uncertainty at the level of a few parts in 10°.

Thus, at its most fundamental level, ACES
concerns precisely the physical quantity
discussed in this paper:

AT:;pace ATJ_{'IOI]_[LLI .

Because proper time is locally measured by the
clocks,

ANgpace
ATopee = Aty = S i
space space 3
Ny
and

A4':"\;r1_>;rcm.ml
ATgIOllILll — Atground — .

Ny



Therefore a measured proper-time difference
corresponds to a difference between physical
clock records.

6.4 ACES as a Test of Clock Accumulation

The perspective developed in this paper
suggests a particularly direct interpretation of
the ACES experiment.

The fundamental comparison is between
L
and
SN
If the accumulated records differ,

AN, space 72 AN, ground

then the clocks have physically accumulated
different local intervals:

Atspace # Atgrouml

and therefore

ATSpace 75 ATgrouud .

If instead the accumulated records are equal,
ANSI)&CE = AN, grounds

then

Atspacn‘: — Atgrouml

and

ATSI)&CE = ATgrouud .

The experiment therefore has a direct physical
interpretation independently of how the result
is subsequently represented in a coordinate
system.

This does not make the time-transfer system
unimportant. ACES necessarily requires
sophisticated microwave and optical links to
compare clocks separated by hundreds or
thousands of kilometres. ESA describes the

14

mission as establishing a network connecting
the ACES clocks with highly accurate clocks on
Earth.

For the conceptual argument of the present
paper, however, the detailed operation of
these links is secondary. Their purpose is to
enable the comparison; they are not the
physical clocks whose accumulated intervals
are being tested.

The distinction should therefore remain clear:

‘ local clock accumulation ‘

is the physical quantity of interest, whereas

‘timc and frequency transfer ‘

provides the means by which separated local
records are compared.

6.5 Why ACES Is Particularly Important

ACES is especially significant because several
developments that were historically separate
are brought together in a single experiment:
atomic realization of time, operation of an
ultra-stable clock in microgravity, comparison
with terrestrial reference clocks, and a high-
precision test of relativistic predictions.

ESA  describes the present scientific
programme as testing gravitational time
dilation, searching for variations of

fundamental constants, enabling relativistic
geodesy, and connecting some of the world's
best clocks into a global network.

From the perspective of this paper, its
importance can be expressed even more
simply.

Relativity makes a prediction about proper
time.
Atomic clocks produce physical cycle counts.

ACES brings these two into

experimental contact:

statements

relativistic prediction «—
physical clock accumulation.




The comparison should therefore ultimately be
interpretable in terms of the quantities

ANspace and ANgrouml .

Theoretical corrections required to compare
separated clocks are essential to the
experimental analysis, but they should remain
distinguishable from the local physical records
produced by the clocks themselves.

ACES is therefore not merely a test of a
mathematical transformation. It is a high-
precision physical comparison of atomic clocks
operating under different conditions, and as
such  provides a  particularly direct
experimental setting in which the relation
between measured time, proper time, and
physical clock accumulation can be examined.

6.6 Two Possible Experimental Outcomes

The relevance of ACES to the present analysis
can be stated in terms of two experimentally
distinguishable outcomes.

According to the relativistic description, the
clock on the International Space Station is
affected by both gravitational and kinematic
time dilation. At an orbital altitude of
approximately 400 km, the weaker
gravitational field tends to make the space
clock run faster than a clock on the Earth's
surface, whereas the orbital velocity tends to
make it run slower.

To first order, the combined fractional rate
difference can be written approximately as

Af _GM (1 1
f & \Rp Rp+h

For representative ISS parameters, the two
contributions are approximately

(ﬂ) -
f grav B

JZ
U1ss
2c2

F4.1 x 1071,
and

3.3x 107

/7
=|Z
S—
E.
=]

U
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The resulting net prediction is therefore of
order

—C ~-29x1071°,

corresponding to an accumulated difference of
approximately

25 ps/day,

with the ISS clock lagging behind a comparable
clock on the Earth's surface. The precise
prediction for an actual ACES comparison
depends on the orbit, the terrestrial clock

location, geopotential, and the detailed
relativistic model.

The experiment therefore permits two
conceptually distinct outcomes to be
considered.

If the relativistic prediction is observed, the
accumulated clock records will differ:

AN, space ?é AN, ground -

The difference will constitute a physical
difference between the locally accumulated
clock intervals, not merely a different
coordinate representation.

Alternatively, if after separation of clock
accumulation from signal-transfer effects the
clocks remain synchronous,

A Ns,-pace = ANgrounda

then

Atspace — Atgrouml

and consequently

ATSpace = ATgmuud .

Such a result would support the local-clock
hypothesis developed in this paper and would
conflict with the predicted relativistic proper-
time difference for the specified clock histories.



Thus, ACES provides an empirical counterpart
to the mathematical and logical analysis
developed in the preceding sections. The
argument of this paper is derived from the
definitions of local clock measurement, proper
time, and the consistency of different
reference-frame descriptions. ACES provides
the possibility of testing whether the resulting
physical interpretation is reflected in actual
atomic-clock accumulation.

7. Conclusions

A physical atomic clock measures time locally
by accumulating cycles of a reference process.
Its measured interval is

AN,
Ny’

At; =

where ANi is the accumulated number of
reference cycles and Ny defines the second.

Relativistic proper time is defined as the time
measured by that same local clock. For the
same clock and the same pair of local events,

AN;

AT!' = At_,' == c
Ny

The quantities Ati and Ati therefore do not
represent two different physical readings of the
clock. They are two descriptions of the same
locally accumulated clock interval.

This distinction becomes important when the
same clock is described from different
reference systems. Clock A may simultaneously
have different relative velocities with respect
to B,C,D,... and the corresponding coordinate
descriptions may contain different coordinate-

time intervals. Nevertheless, the physical
record of clock A remains unique.
Consequently,
AN
AT = AFD — o = Arg = Aty = A
Np
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A change of reference system may change the
coordinate description of a clock interval, but it
cannot change the interval already recorded by
the physical clock.

The analysis therefore establishes a clear
separation between local clock accumulation
and coordinate description. Relative velocity
belongs to the relation between reference
systems. It is not a unique local property of a
clock, since the same clock can simultaneously
possess many different relative velocities with
respect to different observers.

For identical ideal atomic clocks operating
under identical local physical conditions, this
paper adopts the physical hypothesis that their
local reference processes realize the same rate
of clock accumulation. A genuine change in the
operation of an atomic clock must therefore be
distinguished from a change produced solely
by describing that clock from
reference system.

another

This distinction leads to a direct consistency
requirement:

same clock + same local events =
same AN, At, At.

Any relativistic reconstruction of the same
clock interval must satisfy this requirement.

For two different physical clocks, a predicted
difference in proper time has an equally direct
physical meaning. Since

Ar, = AN
Ny
and
ANp
ATtp = N
a prediction
ATty # ATp

is necessarily a prediction



The distinction is therefore experimentally
accessible. A proper-time difference between
two clocks cannot remain solely a coordinate
statement; it must ultimately appear as a
difference between their accumulated physical
clock records.

This places atomic-clock experiments in a
particularly important position. ACES extends
the historical development of atomic
timekeeping by comparing an ultra-stable
space-based atomic reference with high-
performance  terrestrial  clocks  under
substantially different physical conditions. The
relativistic prediction and the physical clock
records are thereby brought into direct
experimental comparison.

The essential experimental quantities may be
expressed as

ANspace and Air\']rj_{rouu.d .

Time- and frequency-transfer systems are
required to compare these separated records,
but they should be conceptually distinguished
from the local clock accumulation itself.

The central conclusion of this paper can
therefore be stated simply:

A physical clock has one local record.
Different reference systems may describe tha
t record differently.
but they cannot redefine it.

ACES provides a particularly direct empirical
test: a measured space—ground difference in
accumulated clock cycles would support the
relativistic proper-time prediction, whereas
synchronous clock accumulation would
provide empirical support for the local-clock
hypothesis developed in this paper.

The analysis presented here is primarily
mathematical and conceptual. It leads to the
hypothesis that identical ideal clocks, in the
absence of different local perturbations of their
reference processes, should maintain equal
local clock accumulation. ACES provides an
independent empirical test. A relativistically
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predicted space—ground clock difference
would appear as a measurable difference in
accumulated clock records, whereas
synchronous accumulation would support the
local-clock interpretation developed in this

paper.
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