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ABSTRACT

Aims: The propagation of light in vacuo has generally been assumed to be isotropic; i.e., its reces-
sional velocity is assumed to be identical with its return speed back to the observer. This article
presents a novel conceptual approach to this fundamental yet unresolved issue in physics: Is light
propagation isotropic? The synchronization of mutually-distant time clocks has long been the bane
of speed of light measurements. If such synchronization can be achieved at arbitrarily large or even
astronomical scales, it can lay the foundation for methods to directly measure the one-way speed of
light. Building upon this basis, any potential latent anisotropy which may be inherent in the propaga-
tion of light can then be investigated, both terrestrially and between the Earth and Moon or other
planetary bodies.

Methodology: We propose methods whereby mutually distant (unsynchronized) atomic clocks are
positioned on the Earth and the Moon. The clocks are devised to receive a set of signals transmit-
ted from a man-made satellite or probe positioned at great mutual distance to the clocks and out-
side the ecliptic plane. The satellite emits electromagnetic timing signals (RF/laser); these signals
serve as remote common external events to the atomic clocks. The clocks set themselves simulta-
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neously to these signals, and are thereby synchronized by the same distantly-sourced external

event(s).

Conclusion: Many novel and technically intricate speed of light measurement methodologies have
been devised to measure, directly or indirectly, the speed of light between two points, with varying
degrees of accuracy and reliability. However, none has yet shown promise to scale to astronomical
distances. Practical experimental schemes are put forth herein for synchronizing mutually-distant
atomic clocks. This allows for the direct measurement of the one-way speed of light, a feat which
has never been accomplished definitively. Measurements of this nature could provide direct evi-
dence to support or undermine the cosmological principle, with far-reaching ramifications.

Keywords: Speed of light measurement; anisotropy; atomic clocks; satellites.

1. INTRODUCTION

Since the time of the original Michelson-Morley
speed of light experiments (Morley et. al., 1887),
the speed of light, ¢, has been measured many
times to an increasingly high degree of accuracy.
The value of ¢ is now defined to be a universal
constant, and was set canonically in 1983 to
have a fixed, standard value: exactly
299,792,458.000 meters per second (NIST,
2022; Gibbs et. al., 1997).

However, this value of ¢ represents only the
closed-path or “round-trip” speed. To investigate
if light propagation is anisotropic, i.e., varies ac-
cording to direction, the measurement of the one-
way speed of light is required.

Remote speed of light experiments have been
limited by the common technical difficulty of ac-
curately synchronizing the participating atomic
clocks, and in the determination of one-way vs.
round-trip light times (Dai et. al., 2020; Giorgetta
et. al. 2013; Ho, 2009). Despite such difficulties,
there is much current activity in this and related
fields.

1.1 Survey of Recent Experiments

A satellite-based frequency transfer method,
(Satellite Einstein Synchronization and Ranging,
or SESAR), was recently introduced (Yan, 2024)
with the goal of having multiple sites set to a
common reference frequency. So far, this meth-
od is limited to a 10 km range. A related ap-
proach is through the use of satellite-based en-
tangled photons (Haldar et. al., 2023) to perform
clock synchronization among numerous ground
stations.

Optical lattice clocks also show great promise in
providing an absolute timekeeping reference
(NIST, 2024; Takamoto, 2005). Quantum tech-
nology, too, is being utilized for this and related
time synchronization purposes (Picciariello et. al.
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2024; Dai, 2020). The Picciariello study, in par-
ticular, was successful in utilizing precise timing
facilities more than 900 km apart.

Recent optical cavity tests have been conducted
(Zhang, et. al., 2021; Sanjuan, 2019) to deter-
mine if hypothetical violations of Lorentz invari-
ance can be used for frequency stabilization
across widely distributed geographic sites.

Such approaches underscore the need for high-
precision, reliable, long-range timing synchroni-
zation, especially for terrestrial and near-Earth-
orbit applications. However, extension of these
approaches to interplanetary scales looms as the
next major step forward.

2. SYNCHRONIZATION & ANISOTROPY

The one-way speed of light, measured from point
A to point B (and optionally, but separately, from
point B back to point A), has been exceedingly
difficult to determine reliably (Herrmann et. al.,
2009; Finkelstein et al., 2009; lyer et. al., 2010;
Nissim-Sabat, 1982; Cooke et. al., 1968). Since
interplanetary space is neither a uniform medium
nor a true vacuum, it presents numerous factors
that can influence the propagation of light, the
primary of which are gravitational time dilation
and various relativistic effects (Bailey, 1977;
Shapiro, 1964).

An even more fundamental obstacle to such
measurement has been in synchronizing two (or
potentially more) mutually distant atomic clocks.
Atomic clocks can be paired and synchronized
locally as a set, but should one in the set of
clocks be translated in space or time — even mi-
nutely — the synchronization between them is lost
(Hsu et. al., 2001; Mansouri et. al., 1977; Feen-
berg, 1979; Zhang, 1997).

To this end, we propose a conceptual methodol-
ogy whereby mutually distant atomic clocks may
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be accurately synchronized. Once remote clock
synchronization has been established, it follows
that the one-way speed of light may then be
measured.

3. SYNCHRONIZATION CONVENTION

In his 1905 paper, “On the Electrodynamics
of  Moving Bodies,”  Albert Einstein’s
second postulate together with his synchroniza-
tion convention (Einstein?, 1905) established
the underlying assumptions for
synchronizing clocks within a common reference
frame:

“We have not defined a common ‘time’ for
A and B, for the latter cannot be defined at
all unless we establish by definition that the
“time” required by light to travel from A to B
equals the ‘time’ it requires to travel from B
foA”

Thus, within a common reference frame, the
speed of light in one direction is defined to be
equal to its speed in the opposite direction. Addi-
tionally, in the postulated case of propagational
anisotropy wherein the speed of light would vary
directionally, the effects of time dilation in ac-
cordance with Lorentz invariance would vary
likewise, perfectly masking any clock
desynchronization (Terrell, 1959; Einstein®,
1905), making the direct measurement of the
one-way speed of light elusive at best. For this
and numerous additional reasons, the inability to
directly synchronize multiple atomic clocks at
arbitrarily great distances is a problem that here-
tofore has not availed itself of an immediate solu-
tion.

4. SYNCHRONIZATION PARADIGM
4.1 Synchronization to an Event

The proposed clock synchronization scheme
postulates the possibility of synchronizing two or
more mutually distant clocks by an entirely
different method: through correlation to a
system-external entity, i.e., a common external
event.

For our purposes, the participating atomic clocks
we wish to use in these experiments must all be
identical and contain embedded computer circuit-
ry to set themselves to a requested time upon
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receipt of an information-laden electromagnetic
command signal. The yet-unsynchronized clocks
may be distributed about the Earth or elsewhere
(refer to the anisotropy experiments of §5 and

§6).
4.2 Timing Ground Truth

To synchronize the clocks, we utilize a
remote common external event, equidistant
from all participating clocks, which will

serve as our timing “ground truth.” Such an event
could be chosen to be any suitably located
ongoing celestial event, such as a pulsar or su-
pernova.

However, to have configurational control over the
experiments, we have chosen to position an
electromagnetic signal-emitting space probe at
an arbitrarily great distance from the Earth. The
maneuverable probe is positioned so that it is
equidistant from all participating Earth clocks
(Fig. 1, below).

The Earth clocks, having identical distances
(within experimental error) from the distant space
probe, simultaneously receive the same electro-
magnetic command signals transmitted by the
probe.

The typical purpose of a space probe signal is to
command all participating clocks to immediately
set themselves to a specified arbitrary time, e.g.,
“SET CLOCK TO 0:00:00.000000”. Once the
identical clocks have received such a signal,

they set themselves en masse to the
same time simultaneously, after which
they can be considered to be mutually

synchronized with an assumed degree of accu-
racy.

This scheme can be extended to any number of
participating clocks provided they are all
identical and situated equidistant from the space
probe. The SET probe signal may be retransmit-
ted periodically for the purposes of experiment
reset, and for assessing the bounds of error and
time drift in the clocks (refer to §6.1).

With the establishment of this experimental con-
figuration, one-way and round-trip speed
of light experiments may then be run amongst
any of the synchronized clocks, regardless of
location.
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Fig. 1. Experimental clock synchronization configuration in which a space probe is positioned
far above the Earth's rotational axis and equidistant from all participating atomic clocks. The
space probe issues electromagnetic timing signals received simultaneously by all Earth
clocks (Image not to scale.)

5. ANISOTROPY EXPERIMENT «

The fundamentals of our external event-
based clock synchronization paradigm were es-
tablished in §4. For our first conceptual
experiment, we build on that foundation, and ex-
tend it.

First, we place one high-precision atomic clock
on the Earth and another on the Moon,
yet unsynchronized. We employ the basic clock
synchronization scheme described in §4, but
here the space probe is positioned at an arbitrari-
ly far distance from the Earth-Moon system
and outside the ecliptic plane, perpendicular to
and centered upon the imaginary line that
can be drawn between the two clocks (Fig. 2,
below).
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By choosing the Earth and Moon as platforms for
this experiment we can obtain a large-scale and
easily measurable time delay since the average
round-trip light time between the Earth and the
Moon, Atrr, is approximately 2.56444 seconds
(Battat et. al., 2009):

S — 2dgy  2(384,399,000m)
RT— "~ 299,792,458m/s

Cc

~ 2(1.282225) = 2.56444s

...where dey is the average distance from the
Earth to the Moon. (A larger time delay between
clocks can be obtained by utilizing a more distant
celestial body, such as Mars, or even a man-
made satellite, but with additional experimental
limitations.)
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Fig. 2. Experimental anisotropy test configuration in which a space probe is positioned
~44,000,000 km beyond the Earth-Moon system, outside the ecliptic plane, resulting in a 0.5°
angular separation of the Earth and Moon with respect to the probe. (Image not drawn to
scale.)

As before, the Earth and Moon clocks become
mutually synchronized upon receipt of a SET
command from the space probe, wherein both
clocks immediately set themselves to the pre-
scribed time.

Once this is accomplished, the Moon clock then
sends an electromagnetic message to the Earth
clock, containing its moon-local timestamp of
transmission of this message, tur. The Earth
clock then timestamps its reception of the Moon
clock’'s message, tur. Subtracting the Moon
clock’s transmission timestamp from the Earth
clock’s reception timestamp gives Atue, the one-
way light time from the Moon to the Earth:

Atyg = tyg — tur
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The Earth clock proceeds to determine the cur-
rent round-trip light time between the Earth and
the Moon, Atrr, by sending a laser pulse to one
of the Ilaser retroreflectors deployed on
the surface of the Moon by the Apollo and
Lunokhod missions (Pavlov et. al., 2016; Dickey,
2014).

For the speed of light to be considered isotropic,
Atye, the Earth clock’s local time of receipt of the
Moon clock’s message, minus the Moon clock’s
local time of transmission, should be equal to half
of Atrr, the measured round-trip light time, to a
high degree of precision:

_ Atpr

Aty ==
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Note that lack of deviation from this result in
practice would provide no evidence of measura-
ble anisotropy in the speed of light on the tested
path(s) between the Earth and the Moon

6. ANISOTROPY EXPERIMENT g

As a more elaborate experiment to investigate
any potential latent anisotropy, we again syn-
chronize the Earth and Moon clocks as in §5, but
in an even more intricate manner.

As before, the Earth clock determines the current
round-trip light time between the Earth and the
Moon, Atrr, by sending a laser pulse to one of
the lunar laser retroreflectors deployed on the
surface of the Moon. Then it sends this infor-
mation, plus its local timestamp, to the Moon
clock via an electromagnetic signal.

In accordance with the synchronization conven-
tion, the Moon clock sets itself to the Earth
clock’s timestamp plus half of the just-measured
round-trip light time between the Earth and the
Moon. The Moon clock then sends a return
acknowledgement to Earth, again via an elec-
tromagnetic signal, communicating its newly-set
local timestamp information.

At this point it is assumed by convention (Ein-
stein®, 1905) that both Earth and Moon clocks
are “synchronized” with each other in the tradi-
tional sense. Thus, if light propagation is isotropic
for this path between the Earth and the Moon
and back, the two clocks are synchronized by
definition. This is a tentative assumption, and the
very object of our investigation.

6.1 Assessing Experimental Error

To build confidence in the reliability of this man-
ner of synchronization, it is necessary to quantify
the level of error and drift inherent in the scheme.
This can be achieved over time by basing nu-
merous back-to-back tests upon the prior syn-
chronization as a new time baseline.

Once the space probe is suitably positioned (as
in the anisotropic experiment of §5), it thereafter
issues random or timed electromagnetic SET
signals — timing strobes — toward the Earth-
Moon system.

Specifically, the Earth and Moon clocks set
themselves to the time value contained in the
latest SET command from the space probe, and
the Moon clock informs the Earth clock of its
timestamp of receipt of each probe signal.
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This is repeated with the clocks running on each
previously “synchronized” timestamp. The Earth
and Moon clocks will then be shown to have re-
ceived the probe’s signals within a specified A of
time, determined by comparing the signal receipt
timestamps of the two synchronized clocks. Re-
peating this process will reveal the drift level and
error bounds inherent in this scheme. In this way
the baseline accuracy of the synchronization can
be determined for reliability purposes.

The varied timing approaches mentioned in §1
report a wide range of timing precision values.
The SESAR experiment (Yan et. al, 2024)
claims a timing precision of 18.06 ps over a 10
km baseline. The quantum-secured time transfer
method (Picciariello et. al., 2024) performed with
a timing precision ranging from -2.6 to +1.0
ns/day. It is unknown how well the proposed
scheme will perform, as there are numerous im-
plementation issues that must be taken into con-
sideration to bound the drift and error to the de-
sired level (see §7).

The propagation of light can be considered to be
isotropic in the directions measured if the times
at which the Earth clock has recorded seeing the
probe’s timing strobes match the times at which
the Moon clock has recorded seeing them, within
a predetermined delta time.

The propagation of light can be considered to be
anisotropic in the directions measured if the rec-
orded timing strobe reception times differ con-
sistently and repeatedly by greater than a prede-
termined delta time. In such case, we can con-
clude that the speed of light is anisotropic in the
directions measured by an amount proportional
to the difference between the Earth and Moon
timing strobe reception times. This consistent,
significant time differential can then be used to
calculate the one-way speed of light in each di-
rection, EARTH—MOON and MOON—EARTH.

6.2 Anisotropic Velocity Calculations

Consider the hypothetical case in which we com-
pare the “synchronized” Earth and Moon clock
timestamp logs and discover that the Earth clock
consistently records each received timing strobe
one second ahead of the Moon clock.

Since each timing strobe sent by the space
probe arrives at the Earth and Moon clocks sim-
ultaneously, this implies that the clocks are “syn-
chronized” one second apart, i.e., the Earth clock
time is set one second ahead of the Moon clock
time. This is indicative of a potential directional
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anisotropy along the paths between the Earth
and the Moon.

Utilizing the synchronization convention, the iso-
tropic one-way light times EARTH—MOON and
MOON—EARTH are equal:

_ Atgr _ 2.56444s

T2

...where tey is the isotropic one-way light time
EARTH—MOON, tus is the isotropic one-way
light time MOON—EARTH, and tgr is the round-
trip light time EARTH—-MOON—EARTH, meas-
ured to be 2.56444 seconds in the lunar laser
ranging experiment, above.

But based on the timestamp logs, the one-way
light time Atey is shown to be one second longer,
or 2.28222 seconds. Since the round-trip light
time Atgrr is 2.56444 seconds, the return ftrip,
Atye, is:

Atyg = Atpr — Atgy
= 2.56444s — 2.28222s
= 0.28222s
This scenario is depicted in detail in the
spacetime diagram of Fig. 3, below.

From this we can derive cem, the approximate
one-way speed of light, in meters/second, in the
EARTH—MOON direction, based on the meas-
ured anisotropy:

384,400,000m
2.28222s

dEM _
AtgEpm

Cem = ~ 168,432,491m/s

...where dgy is the current distance from the
Earth to the Moon, in meters, and Atgy is the
amount of time, in seconds, light requires to trav-
el from the Earth to the Moon.

Next we derive cue, the approximate one-way
speed of light, in meters/second, in the
MOON—EARTH direction, based on the meas-
ured anisotropy:

dyp __ 384,400,000m
0.28222s

CMg = 5, — = ~ 1,372,057,969m/s
ME

...where dye is the current distance from the

Moon to the Earth, in meters, and Afuye is the

amount of time, in seconds, light requires to trav-
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el from the Moon to the Earth (not considering
relativistic effects).

7. DISCUSSION

The proposed schemes described herein repre-
sent conceptual methods of synchronizing mutu-
ally distant atomic clocks, and by extension, of
enabling one-way speed of light measurement,
and thereby the determination of whether the
speed of light is isotropic or anisotropic in the
directions tested.

However, there are numerous practical imple-
mentation aspects which must be considered for
these schemes to be effective.

7.1 Ildentical Atomic Clocks

As noted in §4.1, the accuracy of the synchroni-
zation can be affected by the degree to which the
atomic clocks involved in the synchronization are
“identical,” as they must operate and set them-
selves according to electronic signals at exactly
the same rate. However, any such operational
differential may be determined and compensated
for beforehand.

7.2 Identical Atomic Clock Distances

To aid in the accuracy of the experiments, the
space probe’s signals should ideally travel
identical distances to the atomic clocks. For
these experiments, the accuracy will depend
on how closely maintained the probe’s
position is in this regard to the position of the
clocks.

7.3 Space Probe Maneuverability

For Earth-Moon anisotropy experiment g, the
probe’s maneuverability limitations and the
Moon’s orbital geometry must be taken into con-
sideration, as these may limit the window of in-
vestigational opportunity to certain times and/or
phases of the lunar cycle. An inevitable small
distance discrepancy can be factored into the
calculations without invalidating the experiment.
Additionally, a second probe may also be posi-
tioned similarly on the opposite side of the eclip-
tic plane in order to corroborate the experimental
findings derived from the first probe.
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Fig. 3. Spacetime diagram of the hypothetical anisotropic case in which the Earth clock
timestamps the space probe's timing strobes one second "ahead" of the Moon clock. This dis-
crepancy goes undetected until the timestamp logs from the two synchronized clocks are
compared

7.4 Space Probe Positioning

Since the space probe cannot be positioned at
an infinite distance away from the clocks, there
will always be a non-zero angular distance be-
tween them with respect to the probe. The ar-
rangements diagrammed in Figs. 1 and 2 depict
an isosceles triangle having the space probe at
the apex, with the angle between the clocks kept
to a minimum by increasing the distance of the
probe from the clocks as much as is practicable.
It is unknown how much this residual angular
distance may influence the results, as it is un-
known how much, if at all, any potential anisotro-
py of light velocity might vary by angle. This as-
pect can be investigated by conducting additional
experiments, each having varying degrees of
angular distance between the clocks, as would
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occur naturally over the course of time when us-
ing the Earth-Moon system as the chosen exper-
imental platform.

7.5 Time-Variant Velocity Component

Another issue when using a remote planetary
body such as the Moon or Mars in this manner is
that there will necessarily be a non-zero, time-
variant velocity component between the remote
body and the Earth that must be taken into con-
sideration. Note that this and other orbital char-
acteristics are already factored into the lunar la-
ser retroreflector round-trip light time measure-
ment algorithms (Pavlov et. al., 2016). The influ-
ence this has on the results can also be investi-
gated by conducting numerous additional exper-
iments, each under varying conditions.
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7.6 Geographical Placement of Clocks

Furthermore, it must be considered what effect
the geographic placement of the Earth and Moon
clocks may have. Due to the effect of synchro-
nous rotation, the Moon rotates at the same rate
as its orbital motion. This allows the Moon clock
to be placed at any convenient site on the Earth-
facing side. By placing the clocks at their respec-
tive planetary equators, we find that the Moon’s
“ground speed” at its sublunar (normal) point
across the surface of the Earth is approximately
1627 km/hr, or 452 m/s (Pegrume, 2024). Thus,
in the 2.56444 seconds it takes to conduct the
lunar laser ranging experiment, the current sub-
lunar point on Earth has traveled nearly 1.16 kil-
ometers from its previous location. This is an
additional aspect to the velocity component con-
sideration, above.

8. CONCLUSIONS

The accurate synchronization of remote
atomic clocks is a sine qua non for any
speed of light measurement. The methods de-
scribed herein posit a conceptual but prac-
ticable pathway to achieve such mutual synchro-
nization.

Once all participating clocks are synchronized,
should all subsequent measurement efforts
show an isotropic propagation of light, and
should the correlated Earth and Moon clock
timestamp logs of common external events
(space probe signals) agree consistently to an
arbitrarily high degree, these are elements of
support for, but not de facto demonstration of,
universal isotropy.

It may happen that the velocity of light is isotropic
in certain “preferred” round-trip directions and
anisotropic in others, or in certain regions of the
universe and not in others. Discovery of even
local inherent anisotropy would challenge the
cosmological principle, the prevailing notion of an
isotropic universe (Keel, 2007; Eisele et. al.,
2009), with far-reaching ramifications.
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  𝛥   t  R T =   2   d  E M  c =   2 ( 384 , 399 , 000 m )  299 , 792 , 458 m / s


  ≈ 2 ( 1 . 28222 s ) = 2 . 56444 s


  𝛥   t  M E =   t  M R −   t  M T


  𝛥   t  M E =     ∆ t  R T 2


  𝛥   t  E M = 𝛥   t  M E =   𝛥   t  R T 2 =   2 . 56444 s 2 = 1 . 28222 s


  𝛥   t  M E   = 𝛥   t  R T − 𝛥   t  E M


  = 2 . 56444 s − 2 . 28222 s


  = 2 . 56444 s − 2 . 28222 s


  = 0 . 28222 s              


  = 0 . 28222 s              


    c  E M =     d  E M  𝛥   t  E M =   384 , 400 , 000 m  2 . 28222 s ≈ 168 , 432 , 491 m / s


    c  M E =     d  M E  𝛥   t  M E =   384 , 400 , 000 m  0 . 28222 s ≈ 1 , 372 , 057 , 969 m / s

