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ABSTRACT

We investigate rigorously the behaviour of light propagation in the closed contour of the linear
Sagnac effect. Assuming that the local light speed is cin a section of the contour, our approach makes
it possible to determine the local speed in the other sections. We show that, if standard clock synchro-
nization is adopted, the speed c turns out to be invariant in an open section of the contour only. Our
result is due to the distinctive physical feature of the ‘time gap’ introduced by relative simultaneity

in the closed contour.

1. Introduction

Special Relativity (SR) is often necessarily taught at a
somewhat superficial level and limited to certain foun-
dational aspects such as the Lorentz transformations and
the interpretation of seminal experiments. Some of the
deeper foundational issues are typically either not pre-
sented or discussed only briefly, for instance, the difficul-
ties involved in the measurement of the one-way speed of
light and the conventionality of clock synchronization in
SR. Of course, these topics have been explored by many
workers for more than a century, for example in the early
works of Poincaré (1), Einstein (2), Reichenbach (3), and
Griinbaum (4). According to Einstein’s second postulate
of SR, the local one-way speed of light measured in an
inertial frame is constant (invariant), always equal to ¢
in all directions, and independent of the velocity of the
source. This postulate relies on the well-known approach
to clock synchronization proposed by Einstein, in which a
light signal is sent from a clock to a mirror at the distance
L. After reflection the signal returns to the clock that mea-
sures the round-trip time, T, and the one-way speed ¢
is the average speed ¢ = 2L/ T, assumed by Einstein to
be the same when propagating first one-way toward the
mirror and then back from it during the return trip. Our
intention here is to contribute to the ongoing discussions
about this key foundational aspect of SR by presenting
a new approach for interpreting the classical optical test
performed in 1913 by Sagnac (5).
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1.1. Background

There is a long and rich history of attempts to under-
stand how methods of synchronization come into play
in measuring the speed of light. We only mention here
that, in relation to the standard Einstein synchroniza-
tion, Poincaré (6) objected that Einstein’s procedure can
represent the one-way speed of light ¢ when performed
by observers stationary relative to each other. Similarly,
Reichenbach (3) argued that by introducing a mirror for
measuring the average speed, the procedure involves cir-
cular reasoning as it leaves undetermined the one-way
speed. It follows that a nonstandard synchronization con-
vention can be adopted, where the average speed is c,
but with unequal values of the speed of light in opposite
directions. This argument has led to the ‘conventionalist
thesis’, alleging that Einstein’s procedure is only a con-
vention and claiming that the one-way speed ¢ cannot
be measured in principle. Because of the conventionality
of the one-way speed ¢, Mansouri and Sexl (7) showed
that relativistic theories can be formulated using coordi-
nate transformations with the same rod-contraction and
clock-retardation as the Lorentz transformations (LT),
while the time transformation depends on an arbitrary
synchronization parameter, which can be chosen to con-
serve simultaneity. Depending on the synchronization
procedure adopted, Einstein or absolute, we may have the
following coordinate transformations between the iner-
tial frame S and the frame §' in motion with velocity
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u = iu relative to S:
GT =t ;X =x—uty=y7=z2
LT ¢ =y(t—ux/?)x =y(x—uthy=y7 =z

LTA { =ty ;X =yx—ut)yy=y7 =z
(1)

where GT stands for the Galilean transformations, LT for
the standard Lorentz transformations adopting Einstein
synchronization, and LTA (8) for the Lorentz transforma-
tions adopting absolute synchronization, which preserves
simultaneity. We can see from (1) that the absolute time of
Newton (¢’ = t with the GT), after Einstein becomes rel-
ative (' = y (t — ux/c®) with the LT) because it depends
on the relative velocity (through the factor y = (1 —
u?/c*)~1/2) and the position x. Thus, with the LT, simul-
taneity is not conserved and is relative. If, instead of
Einstein synchronization, we adopt absolute synchro-
nization for the LTA, we obtain the relation ¢ = t/y,
where time is still relative because of the factor y that
provides the relativistic effect of time dilation, confirmed
by experiment. However, as with the GT, simultaneity is
conserved with the LTA because if two events are simul-
taneous in S (At = 0), they are simultaneous also in &
(At =0).

Since the LTA displays the same relativistic factor
y as the LT, as shown by several authors (7, 9-13),
‘preferred frame’ relativistic theories based on abso-
lute synchronization are capable of interpreting all the
performed experiments supporting standard SR with
Einstein synchronization. Hence, according to the con-
ventionalist thesis, SR can be formulated equivalently
by either adopting absolute or Einstein synchronization.
From the pedagogic perspective, an example where abso-
lute (LTA) instead of relative (LT) synchronization has
been used in the context of special relativity is given by
the description of the Sagnac (5) effect by Kassner (14).

However, talking about clock synchronization, we
believe it convenient to cite Lundberg (15) who points
out how the term ‘synchronization’ is often misused and
misinterpreted in the literature:

I have said several times that Einstein specified a proce-
dure for coordinating clocks, but I have not said that he
specified a procedure for synchronizing clocks. ‘Coordi-
nating’ is a safe and unproblematic word in this context.
To coordinate clocks is merely to connect the clock set-
tings in some way or other, so that they are not indepen-
dent of each other. Einstein’s procedure clearly does that.
‘Synchronizing’ is more specific than ‘coordinating ’, but
in a way that is not obvious.

In fact, difficulties in the application of Einstein syn-
chronization may emerge because of the unfeasibility of
performing Einstein synchronization along a closed path,
as pointed out by Selleri (12), Gift (16), and mentioned by

Weber (17), Anandan (18), Klauber (19), Field (20), and
Landau and Lifshitz (21), who over 50 years ago stated:

... However, synchronization of clocks along a closed
contour turns out to be impossible in general. In fact,
starting out along the contour and returning to the ini-
tial point, we would obtain for dx° a value different from
Zero. . ..

With reference to our citation to Lundbergs paper
(15) and before going into the next section, we comment
briefly on the notations used in Equation (1). The GT
differ from the LT and LTA in the sense that, according
to many users of GT, time is not thought of in terms of
a set of clock-variable axes belonging to different coor-
dinate systems. Thus, time is a property of the universe
that transcends coordinate systems and it could be more
appropriate to use different notations for the coordinate-
system-independent time that appears in the GT, and the
one appearing in the two coordinate systems that figure
in LT and LTA. However, to introduce different nota-
tions could mislead some of the readers and, thus, we
leave it unchanged but only after having pointed out the
mentioned unique time conception inherent to the GT.

Another important issue concerns the preferred frame
S related to the LTA of Equation (1). According to the
conventionalist thesis (7) the preferred frame is not ‘iden-
tifiable’ and can be chosen arbitrarily. Because of this,
conventionalists have been considering the LTA to be
equivalent to the LT. Instead, as claimed by the authors
of Ref. (13) and as assumed in the present paper, the ref-
erence frame S associated with the LTA is the unique
‘identifiable’ preferred rest frame where space is isotropic
and the one-way speed of light is c. The natural proper-
ties of this ‘identifiable’ preferred frame make it possible
to single it out by means of the approach described in Ref.
(13) that invalidates the conventionalist thesis. It follows
that the frame S cannot be chosen arbitrarily. In this case,
since the arbitrariness has been removed, the LTA associ-
ated with the ‘identifiable’ preferred frame are no longer
physically equivalent to the LT.

2. Asimple ‘Gedankenexperiment’

The relevant difference between LT and LTA is the clock
synchronization adopted, Einstein (‘internal’) or abso-
lute (‘external’) synchronization, respectively (the terms
‘internal’ and ‘external’ have been first used by Mansouri
and Sexl (7)). Ideally, with our Gedankenexperiment we
expect to determine which of the two transformations,
LT or LTA, describes coherently the known experiments
supporting SR, without signs of internal inconsistencies.

Consider now the following thought experiment
where a light pulse, previously emitted from the origin
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Figure 1. To explore the timing of a light pulse propagation in
the new Gedankenexperiment, the arrangementin (a) will employ
absolute synchronization, while that of (b) will employ relative
synchronization. At t = t’ = 0, the origins O and O’ (of the over-
lapping inertial frames S and §’ in relative motion) coincide. In
both (a) and (b), a light pulse, previously emitted from the origin
O of frame §, is reflected by the mirror at B and returns toward
the origin. Point B is fixed to the mirror, which can be moving
relative to O, but (regardless of the mirror’s relative motion) we
have OB = L when the light pulse reaches the mirror. As seen
from frame ', in the case (a) of absolute simultaneity, when O and
O’ coincide, the reflected pulse is at B (being O'B = L) from where
it moves toward O'. In the case (b) of relative simultaneity, when
0 and O’ coincide, after being reflected earlier at B, the pulse is
already at K, from where it moves toward O'.

O of the inertial frame S(x, t) shown in Figure 1, is trav-
elling in the x-direction towards point B. For the purpose
of relating our thought experiment to the Sagnac effect,
we assume that B is moving with velocity v relative to
frame S, as shown in the next sections. When the pulse
reaches point B at the time ¢ = 0, B is located at the dis-
tance xg = OB = L from the origin O. At this moment
(t = 0), the pulse is reflected back by the mirror shown
in Figure 1(a,b). Next, we consider the physical situation
described from the inertial frame §'(x/,t), overlapping
with frame S(x, t) and moving with velocity u = 2v rel-
ative to S. If the respective origins O’ and O coincide at
t' =t = 0, the Lorentz transformations between S’ and
Sare, t' = y(t — ux/c?); X = y(x — ut), while the LTA
are,t' = t/y; X' = y(x — ut), in agreement with (1). We
denote by the symbol C a clock at the origin O of § and co-
moving with it and, similarly, by the symbol C" another
clock co-moving with the origin O of §'. When, at t = 0,
the light pulse is reflected by the mirror at B, its distance
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from clock C' = O’ is given by
Xpg=0B=yxg=yL>~L (2)

for both the LT and LTA. For the purpose of our
Gedankenexperiment we need to consider only the
relevant terms, which are of first order in u/c, and
thus, for simplicity, we shall neglect higher order terms
(such as u?/c?, or higher) and approximate y = (1 —
u?/c)~1/2 ~ 1, for the last term of (2). Thus, the length
O'B >~ L in (2) represents, at t = 0, the distance to be
covered in §' by the reflected pulse in order to reach O'.

Since for S the light pulse is at B at the time t = 0, the
position of the reflected pulse in frame S at the time ¢ is
L—ct, while that of the origin O’ is ut. Then, the pulse
reaches O’ when L—ct = ut and the time of flight from B
to O'in Sis

L

ct+u G)
We wish to find the time displayed by clock C" when the
pulse, reflected from Bto C' = O, reaches it. Calculations
can be performed in any inertial reference frame as, obvi-
ously, after transforming to frame §', the final result will
be the same.

tpor =

Absolute synchronization: In the case of absolute syn-
chronization and as indicated in Figure 1(a), for an
observer of frame §' the light pulse is still at B at the time
t' =t = 0. Thus, with ¢’ = t/y >~ t, we obtain immedi-
ately,

L
c+u
valid to first order in u/c. Result (4) is in line with the
composition of velocities of absolute synchronization,
according to which the speed of the pulse relative to §’
isdx'/dt’ >~ d(x — ut)/dt = —(c + u), i.e. superluminal.

(4)

Relative synchronization: If relative (Einstein) synchro-
nization is used, with y ~ 1 the time t and ¢’ are con-
nected by the relation ¢’ ~ t — ux/c* (or the inverse time
relation t >~ ' + ux’/c?). With this relation, we find that,
at t = 0 and due to non-conservation of simultaneity, in
S’ the light pulse is reflected by the mirror at B at the
earlier time

;o ulL _u L _ ,

fp=0- 5 =——— =5, (5)
and not at ¢’ = 0, as in the case of absolute simultane-
ity. Since the pulse is reflected at B at the earlier time
ty > —8t’ given by (5), O has not yet reached O, which is
still at the small distance x, >~ udt’ = u?L/c* away from
O'. Thus, when O and O coincide at the later time ' =
tg + 8t = 0, the reflected light pulse has already moved
from B to point K, having covered the sizeable distance
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BK =~ ¢8t' = uL/c, as shown in Figure 1(b). For the trip
from K to C' = O/, the equation of motion of the light
pulse in frame S is, KO' — ¢t' >~ (L — uL/c) — ct’ =0,
which gives, t' = " ~ L(1 — u/c)/c. Since we are con-
sidering results valid to the lowest order in u/c, we may
use the series expansion 1/(1 + u/c) >~ 1 — u/c and, for
simplicity, we shall replace from now on the symbol ~
by =. Then, we may write,

L L(1 —u/c)

:tBo/: =
c+u c

t/rel — t}g)l, — ZL/abs

» (6)

which is the same as (4) and, thus, synchronization-
independent. Although quantitatively the two results "¢
and /% are the same, there is a difference in their inter-
pretation. In fact, the last term of (6) indicates that, if
the local speed is imposed by Einstein synchronization
to be ¢ in frame S, due to non-conservation of simul-
taneity, at ' = 0 the light pulse is at K and the distance
covered by the light pulse during the time interval t}gel, is
L(1 —u/c) < xy~L.

To sum up, if absolute synchronization is adopted,
when O and O coincide, the light pulse is at B for
both frame S and §', as shown in Figure 1(a). However,
if Einstein synchronization is adopted, when O" and O
coincide, the light pulse is at B for an observer of frame
S (as in Figure 1(a,b)) and, due to relative simultane-
ity, at K for an observer of frame S’ (as in Figure 1(b)).
For both synchronizations the path to be covered by the
pulse from B to O’ has length L, as measured from §'.
However, there is an important aspect to consider, con-
sequence of Einstein synchronization and crucial in the
interpretation of experiments: The path section BK has
been covered by the light pulse before O reaches O/, so
that the corresponding time delay 8¢’ is not included in

the time interval t;gf)l, measured by C' = O in (6).

2.1. Accelerating a clock from frame S to frame S’

Let us suppose now that clock C, initially coincident with
O (C = O) att = 0, is accelerated in a short period of
time in such a way that, after it reaches the velocity u,
is co-moving with O’ (C = O'). The exact time delay
T experienced by clock C during the process of accel-
eration can be calculated without approximations using
the general theory of relativity and using the principle of
equivalence (22). Then, the small contribution §7 (due
to the acceleration) to the resulting time delay v can be
separated from the kinematic contribution due to the
velocity (negligible in our case). Similar considerations
are made in the interpretation of the clock readings in
the Hafele—Keating experiment (23), where the effect due
to the difference in gravitational potential between the
surface of the earth and the flight altitude of airplanes,

is separated from the kinematical effect of time dilation
due to the velocity. As also considered in Appendix, the
time delay 7 (independent of L), including the effect due
to acceleration, is negligible with respect to §t’ if L is such
that T¢ « ul/c = 8t'c, as we assume in the present con-
text. Therefore, within the approximation made, clock C,
originally co-moving with the inertial frame S, after the
negligible time interval 7, is now co-moving with clock
C’ = O and the inertial frame S'. In this case, events tak-
ing place after the time ¢ 2~ 0, obviously coincide for both
C and C' as they are now measured by the co-moving
clocks C = C'. In the sequence of events measured by
C', with Einstein synchronization we find first the light
pulse at xz = L at the earlier time t; = —§¢' and then
the (reflected) light pulse at xj = L(1 — u/c) at the later
time ¢’ >~ 0. For clock C we have first (before accelerat-
ing), the light pulse at xp = L at the time t = 0. However,
after the time t' ~ © >~ 0, when C coincides with O’ = C’
after accelerating, the sequence of events (corresponding
to the evolving proper time of clock C) is the same as C’
and begins with the light pulse being at xj, = L(1 — u/c)
att’ ~ v >~ 0. As is well-known, the proper time of clock
flows continuously regardless of its state of motion (22).
However, while clock C is accelerating until finally is
co-moving with C' = O’ (and the other synchronized
clocks of &), the effect of non-conservation of simul-
taneity seems to require that the distant light signal has
been shifting to the future, jumping’ at the nearly infi-
nite speed (u/c)L/t =~ oo from point B (at the distance
L) to point K (at the distance L(1 — u/c)). Such a process
takes place in the negligible time interval v recorded by
clock C in accelerating from frame S to frame §'.

A similar behaviour is found if, instead of C, clock C’ is
decelerated until co-moving with O and frame S. In this
case, it is as if clock C’ ‘sees’ initially the light pulse at K
at the time ¢’ = 0 and then, when it is co-moving with O
after decelerating, ‘sees’ the light pulse shift to the past of
§’, jumping back to B at the epoch t >~ v ~ 0.

These properties of the time transformation and their
consequences, directly related to non-conservation of
simultaneity, are well-known and have been considered
by different authors (12, 16, 24), in different contexts. The
possible existence of superluminal light signal has been
discussed in the area of superluminal information trans-
fer, time orientation, and causality structure of the theory
(25-28). As long as light propagation takes place in an
open path, there are no problems with relative simul-
taneity. However, as mentioned above, problems emerge
when Einstein synchronization is applied along a closed
contour. In fact, when we compare the physical reality
reflected by the set of Einstein-synchronized clocks of
frame S along the x-axis from B to point O, with the phys-
ical reality reflected by the set of Einstein-synchronized



clocks of frame §’ along the x” axis from O’ = O to B,
we are (ideally) covering the closed contour BO + O'B
(O = O') and are met with the ‘time gap’ §t' pointed
out in Refs. (12, 14, 16, 21, 24), just to mention a few
authors. From a physical point of view, relative simul-
taneity has been questioned throughout the development
of SR, but it is generally accepted by supporters of the
theory because necessary, from a mathematical perspec-
tive, for sustaining the constancy of the speed of light,
¢ = c. Considering that for the case under considera-
tion, as for many other cases, the results for absolute and
relative simultaneity, (4) and (6), are the same, the major-
ity of physicists has paid little attention to the inconsis-
tency that emerges in applying Einstein synchronization
along a closed contour. However, this inconsistency per-
sists and plays an important role in the interpretation of
experiments, such as the linear Sagnac effect, which is
reconsidered below for the convenience of the reader in
a didactical presentation.

3. Absolute versus relative simultaneity

The conventionalist scenario implies that the Lorentz
transformations can be substituted by transformations
based on absolute simultaneity, a substitution hardly
acceptable by physicists who have been using the sym-
metry properties of the Lorentz group for decades in
applications in several branches of modern physics, such
as elementary particle physics, astrophysics, and quan-
tum physics. Moreover, epistemologists (29) claim that
a theory is physically meaningless unless its basic pos-
tulates can be tested. From that perspective, it is crucial
for the standing of the theory that the physical equiva-
lence (or not) between preferred frame theories and SR
be satisfactorily tested and verified, at least in principle.
Advances have been made by Spavieri, Rodriguez and
Sanchez (13) who have recently shown that, in general,
Einstein and absolute synchronization predict different
observable results, thus suggesting that the two synchro-
nizations are not physically equivalent. It follows that, at
least in principle, Einstein’s second postulate of a univer-
sally constant speed of light can be verified experimen-
tally. In this case, standard SR with Einstein synchroniza-
tion maintains its unique physical meaning and can be
tested against theories that assume the existence of an
identifiable preferred frame.

Nevertheless, several interpretations of the experi-
ments supporting SR and solutions to presumed para-
doxes of SR have been given (7, 14, 30) within the
assumption that the conventionalist point of view is valid,
while now this is being questioned (13) with implications
for the equivalence between SR and preferred frame the-
ories (31). Because of the above-mentioned difficulties
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in the interpretation of the Sagnac effect, there seem
to be sufficient motivations for looking into the valid-
ity of Einstein’s second postulate on the constancy of the
speed of light ¢. For the convenience of the reader we
review in the next sections some of the interpretations
of optical experiments related to the Sagnac effect, with-
out assuming that absolute and Einstein synchronizations
are equivalent. Several authors have already pointed out
that when adopting relative simultaneity, inconsistencies
with Einstein’s second postulate emerge (12, 16, 20, 24).
Instead, as generally acknowledged (7, 12, 14, 16, 20, 24,
30), no inconsistencies are found by adopting absolute
simultaneity.

3.1. Thelocal light speed in the Sagnac effect

In the standard (circular) Sagnac effect (Figure 2(a)), two
counter-propagating light signals (photons) are emitted
by the source (interferometer, or clock C) co-moving with
a rotating disk along the circumference 27 R. If v = wR
is the velocity of the clock (or interferometer) fixed on
the rotating disk circumference relative to the laboratory
frame, to the first order in v/c the time interval recorded
by clock C for round-trip light counter-propagation is
given by t; = 27R/(c+ ), and t_ = 27 R/(c — v) for
light co-propagation. Then, the time delay between the
time of arrival of the two light signals back to clock
C observed by Sagnac, is At =t_ —t; = 4w (v/c)R/c,
valid to the first order in v/c (non-relativistic approxi-
mation where the Newtonian and Einsteinian interpre-
tations coincide). There are countless descriptions and
interpretations of the Sagnac effect in the literature. The
most common interpretation (32) is done from the lab-
oratory frame, where the centre of the disk is stationary
and the light speed c is assumed to be isotropic and con-
stant. In this case, the result that ¢, is different from ¢_
is due to the fact that the two light signals are seen as
traversing paths of different lengths, as measured from
the lab frame, in their motion relative to clock C.
However, the problem is not in foreseeing the result
of the Sagnac experiment, but in verifying the validity
of Einstein’s second postulate of the constancy of the
local speed of light along its circular path, considering
that Newton and Einstein predict different values for the
speed of light relative to the observer co-moving with
clock C. In the Sagnac effect, the local speed ¢ at a point
on the circumference 277 R of the rotating disk of radius
R, is the local speed measured in a Lorentz inertial frame
instantaneously co-moving with the rotating frame at the
distance R from the centre. Thus, Sagnac (5) claimed that
his experiment disproves standard SR because, relative to
clock C, the length of the round-trip path is 2 R for both
light signals and the correspondent time recorded by the
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Figure 2. The experimental arrangement for the standard
Sagnac effect is shown in (a), where counter-propagating light
pulses are emitted from the location of clock C on the turntable,
which is rotating with constant angular velocity. The ‘conveyor
belt’ linear equivalent of the classical Sagnac arrangement is
shown for the new Gedankenexperiment in (b), where now the
clock C is fixed to the moving belt and co-moving with the origin
of frame S, in motion with velocity v relative to the pulleys A
and B driving the clockwise movement of the belt. A light pulse,
emitted from clock C, is propagating with speed c relative to the
clock and frame S.

clock should be t+ =t = 2w R/c. If this were the case,
we have At =t_ —t = 0, contrary to observation and
thus disproving Einstein’s second postulate on the con-
stancy of the speed of light. Sagnac’s contentions were
later highlighted by Selleri’s paradox (12), which indicates
that, in special conditions when the circular motion of
the clock is nearly rectilinear, the interpretation of the
Sagnac effect requires the local one-way speed of light to
be ¢+ v or c—v at a point of the disk circumference mov-
ing with velocity v = wR, again invalidating Einstein’s
second postulate.

Concerning the interpretation of paradoxes — such as
the ‘twin paradox’, which (as pointed out by Mansouri
and Sexl (7)) is no longer a paradox when interpreted
assuming absolute simultaneity - if absolute and Ein-
stein synchronization are equivalent, it can be argued
that the same paradox must be interpretable equally
well by adopting either absolute or relative simultane-
ity. Similar considerations can be made in relation to
any other paradox, such as the Selleri paradox (12)
related to the Sagnac effect. The Sagnac effect and the
Selleri paradox have been addressed by several authors
(e.g. (14, 16, 19, 20, 30)) and most of them describe
the problem from a single frame of reference, gener-
ally the laboratory frame (32), even adopting absolute

synchronization (instead of relative) (14, 30) adhering
to the view of conventionalism that absolute and Ein-
stein synchronization are equivalent. In effect, as it occurs
for other experiments supporting SR, the outcome of the
Sagnac effect is synchronization-independent and, thus,
foreseen by SR adopting either Einstein or absolute syn-
chronization. Because of this, many interpretations of the
Sagnac effect are missing this crucial point: the fact that
different synchronizations provide the same round-trip
result in the Sagnac effect, does not tell or reveal what the
local speed of light is in every section of the light path.
Therefore, these descriptions are not suitable for discrim-
inating absolute from relative simultaneity and unable to
verify the validity of Einstein’s second postulate on the
constancy of the speed of light.

Thus, for the purpose of testing absolute vs rela-
tive simultaneity, we reconsider below the Sagnac effect
in its linear version (20, 24, 30, 33) and, by means of
our Gedankenexperiment, check which synchronization
describes it coherently.

4. Time continuity in the flow of space-time
events. Connection with the linear Sagnac effect

In the context of relativistic theories in classical physics,
the readings of a clock display progressively the flow
of time in correspondence to the sequence of physi-
cal events that are taking place in space-time (It is not
excluded that time is discrete at the quantum level, where
the smallest time interval can be related to the Planck
constant.). In order to better visualize and interpret the
proper time intervals measured by the (synchronization-
independent) clock C when the light pulse performs a
round trip, starting from C and then back to C, we con-
nect our thought e