The flow of time in the theory of relativity
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§1. Introduction
JFQY HEN WE CONSIDER ANY EXPERIMENT related to the theory of

TR relativity,! like the Michelson-Morley experiment (see, e.g., Mgller

@ﬁ AL 1955, pp. 26-28), we can always describe it in terms of an intuitive
notion of passage or flow of time: light is send through the two arms of the
interferometer at a particular moment —the now of the experimenter—, and
the process of light propagation takes time to occur, as can be measured by a
clock calibrated to the adopted time scale.

However when we consider the theory, in particular focusing on its
development in terms of the Minkowski space—time and its application using
the Minkowski diagrams, we immediately become puzzled by the implications of
the theory regarding our intuitive notion of time, and the passage or flow of
time seems difficult or even impossible to ‘find’ in the conceptual-
mathematical structure of the theory (see, e.g., Dorato 2010, pp. 1-2).

Several authors have tried to ‘find’ in the theory the notions of present/now
and passage or flow of time, all taken to be closely related (see, e.g., Dieks 1988,
Arthur 2006, Savitt 2009). We will address only one proposition made by Dieks
(1988, 2006). There is no intention for this work to be conclusive or to give a
‘definitive’ elaboration of Dieks’ approach. The intention is simply to provide, if
possible, a further development along Dieks’ lines.

In Dieks’ approach it is necessary to consider a consistency requirement
regarding the relation between different now-points of different material
physical systems. As it is it might be simply an ad hoc prescription that in not
part of the theory, i.e. Dieks might be, inadvertently, positing an additional
structure to the theory. In this case Dieks’ approach might be criticized on

! Instead of naming Einstein’s two theories as special relativity and general relativity, in this work, adopting Fock
(1959) terminology, we refer to the theory of relativity and the theory of gravitation. The subject of this work is
just the theory of relativity not including Einstein’s gravitation theory.
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account that his views on the flow of time might have been made not in relation
to the theory of relativity but to the theory with a further space-time structure
of assigned now—points.

In this work it is made one basic claim: we can consider Dieks’ consistency
requirement to be inbuilt in the theory from the start. It follows from what we
can call a spatial relation that exists between the physical systems and processes.
For the time being we can characterize a spatial relation as one in which only
the ‘spatial aspect’ is relevant disregarding whatever temporal unfolding these
systems and processes might have. This means that the flow of time can be seen
as inscribed in the theory of relativity as it is.

This paper is organized as follows. In part 2 it is presented Dieks’ approach
in terms of a now-point per worldline, and mentioned how it enables to
maintain a notion of flow of time in the theory when taking into account the
so—called relativity of simultaneity. In part 3 we see how Dieks’ consistency
requirement is already implicit in the theory, by taking into account that in the
theory we consider physical systems and processes that have a spatial relation
between them. In part 4, by adopting Dieks’ views on the flow of time, it is
addressed the so—called time dilation and several situations in which besides the
spatial relation we consider a further stipulation of the initial time phase of
different physical systems (in inertial or non-inertial motion). For these
particular cases the relation between the now—points of the different physical
systems is similar to that of classical mechanics: it does not depend on the
adopted inertial reference frame. Finally we return once again to the relativity
of simultaneity taking into account these views.

§2. Dieks’ view on the flow of time in the theory of relativity

Several authors consider that the notion of passage of time is encapsulated in
the theory of relativity through the concept of proper time (see, e.g., Dieks
1988; Arthur 2008; Savitt 2009). This view is elaborated in connection with the
notion of present or now. The time lapse/passage/flow is related with the
successive happening of events, or succession of presents (see, e.g., Dieks 1988,
2006; Arthur 2008; Savitt 2009, 2011).? In this way the idea that proper time

? In this paper it is not presented a detailed analysis of these terms, their possible differences, and philosophical
connotations. The only point been made is that the time lapse of a physical system (as measured/given by the
proper time) is ‘marking’ the (local) now of this physical system.
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measures/gives the passage of time is entangled with the notion of present or

now.

This proposition is made in part as a ‘solution’ to the difficulty to implement
a notion of passage or now in the theory of relativity due to the relativity of
simultaneity (see, e.g., Savitt 2013). To see how the problem and its solution
arise let us consider first Newton’s theory (more exactly classical mechanics). In
this case we might identify the flow or transience with the inertial time. The
changes, evolution, or motion of physical systems are described in terms of a
common temporal parameter —the universal inertial time.* * This temporal
parameter is the same for all physical systems in inertial motion or not. This
means, in particular, that all inertial reference frames share the same
coordinate (inertial) time. This view can also be expressed in terms of a
(Galilian) four dimensional space—time. We can see that the passage of time, as
determined by a unique universal time, results in the succession of a set of
events —a hyperplane of simultaneity (the Euclidean space) existing now (see,
e.g., DiSalle 2009; Friedman 1983, chapter 3; Savitt 2006, 14; Savitt 2013).

In the case of the theory of relativity it is not possible to consider a
hypersurface of events (of the space-time) as simultaneous (i.e. occurring now)
for all inertial reference frames.” Contrary to the Newtonian case, each inertial
reference frame (in relative motion) has a different hyperplane of simultaneous
events (i.e. with the same time coordinate), which is a Euclidean space. In this

> As expressed in the law of inertia, a body in inertial motion takes equal time intervals to travel identical
distances in any inertial reference frame: there is a time scale implied in the inertial motion — the inertial time
(see, e.g., Torretti 1983, pp. 16-17; DiSalle 1990, p. 141). Since no inertial body (or inertial reference frame) can
be differentiated regarding its motion from other inertial bodies (i.e. all inertial motions are physically
equivalent), this means that all inertial bodies share the same inertial time (this can be seen already as a

consequence of a restricted form of the principle of relativity expressed in the law of inertia).

* Arthur, like Savitt (2011), defends the view that in the theory of relativity the concept of time bifurcates in two
different notions: coordinate time and proper time. We will not address this view in this work. To the purpose of
this work it is sufficient to consider that there is a temporal notion in the theory — the proper time, associated to
material systems, which does not depend on the adopted inertial reference frame. In the case of an inertial
motion (the most important for the views developed in this work), the proper time of a material system is
identical to its inertial time; in the case of an accelerated motion, its invariant proper time is calculated from the
coordinate time of any adopted inertial reference frame. If there is or there is not a clear—cut distinction between
proper time and inertial/coordinate time (i.e. a clear—cut bifurcation of time) does not affect the ‘basic’ aspect of
proper time that is relevant in this work: the flow of time of a physical system is given by its proper time.

> A plane/hyperplane/hypersurface of simultaneity in a particular inertial reference frame is the set of events that

have the same time coordinate in this inertial reference frame.
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way, there is not a unique set of events corresponding to a unique now shared
by all inertial reference frames. This result leads to the relativity of simultaneity.

This situation might imply that there is no place in the theory of relativity
for any notion of time flow. For example, according to Godel (1949), since each
observer has a different set of ‘nows’ (i.e. takes different events to be
simultaneous to what he/she considers to be/have been his/her now—point),
there is no ‘objective’ lapse/flow of time. Time would be ‘ideal’, i.e. a product
of consciousness. Godelian—like views on time in the theory of relativity have
‘coalesced’ in the so—called block universe view: all events of the Minkowski
space—time co—exist tenselessly (see, e.g., Dieks 2006, pp. 168-169; Dorato 2008,
pp- 56-59).° These views take the time lapse, if it was to have existed in the
theory, to have to be given by the coordinate time of the different inertial
reference frames. A way out might be to take proper time to give the elapsed
time and the succession of present moments of a physical system (see, e.g
Arthur 2008).

According to Dieks, the theory of relatively teaches us that it is not necessary
to rely on the idea of a succession of cosmic nows. In his view, «if we want to
make sense of becoming we should attempt to interpret it as something purely
local» (Dieks, 2006, p. 157);” one must consider the successive happening of
physically related events from the perspective of «their own spacetime
locations» (Dieks 2006, p. 157). This points to the centrality of the concept of
proper time in the theory of relativity.

As it is well known, only events on the past light cone can affect us (taken
our now—point to be the apex of ‘our’ light cone), and only events in the future
light cone can be affected by us (see, e.g., Callahan 2000, pp.76-77); in relation
to us, these events are «unambiguously temporally ordered» (Dieks 2006, p.
158). Regarding events space-like separated from us, since there is no action—

¢ Godelian-like views become meaningless when adopting the thesis of the conventionality of simultaneity (see,
e.g., Jammer 2006). In this case, as Griinbaum showed, we can choose different definition of simultaneity in two
inertial reference frames so that they both have the same hyperplanes of simultaneity (Griinbaum 1955, pp. 455-
456), i.e. there is no relativity of simultaneity. This work is written with the supposition that the conventionality
of simultaneity can be denied or at least circumvented. In another work it will be addressed the issue of the flow
of time in the theory of relativity in the case where this thesis is explicitly taken into account.

7 In this work it is avoided the use of a metaphysically charge word like 'becoming'. Here we only explore the
possibility that the theory of relativity is compatible with common sense notions of now and flow of time. This
work does not intend to propose any view regarding philosophy of time. In particular we do not consider it as
making a case for a presentist philosophical position.
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at—a—distance, we cannot have a direct physical interaction with them. How the
simultaneity of some of these events to us is defined/determined, has «no
influence on the content of our observations" (Dieks 2006, p. 158), which is
taken to be local.® According to Dieks,

we do not need a succession of a definite set of global simultaneity hyperplanes in order to
accommodate our experience ... completely different choices of such hyperplanes lead to
the same local experiences (Dieks 2006, p. 160).

Dieks proposes to reformulate the idea of flow of time based on the concept of
proper time. According to Dieks «only time along worldlines (proper time) has
an immediate and absolute significance as an ordering parameter of physical
processes» (Dieks, 1988, p. 456). However since there is not in the theory of
relativity any preferred worldline (or associated reference frame; as it is the case
of Lorentz’s electron theory with its preferred ether based reference frame),
there is no way to single out a particular worldline and its private now.
Accordingly, «it is not appropriate to define one universal ‘now’; instead, we
have to assign a now—point to every single worldline» (Dieks 1988, p. 458). The
flow of time is contained in the theory if we consider that «each point of the
worldline has to occur once as ‘now—point’» (Dieks 1988, p. 458).? Dieks’ view is
that, contrary to earlier views on time, the relativistic framework leads to a
generalization of the universal flow of time, which Dieks refers to as flow of time
per worldline (Dieks 1988, p. 459). This approach leads to a ‘many—fingered’
view of time; each worldline has its own now—point. However, this view might

lead to a consistency problem. According to Dieks

an arbitrary assignment of now—points to the worldlines will not do, however, for the
following reason. The idea of a flow of time combined with the ontological definiteness of

8 This does not mean that we cannot have a local experience related to an event with a space-like separation from

us; e.g., we can receive light emitted in/with a particular event that will later arrive at what will be our now-point.

® There is a ‘variant’ to this approach in which the notion of local present/now along a worldline is not restricted
to a now-point. The motivation for this proposition seems to be outside physics. While Dieks regards that an
(human) observation can be represented by a point-event (Dieks 2006, p. 3), the notion of psychological present
seems to point, according to some, to a physical representation of the now as extended. The events that are part of
our now are the ones with which we can interact during a short interval of our proper time. Instead of a now-
point, the present is a region of space-time comprised between the future light cone of the ‘beginning’ e, and the
past light cone of the ‘end’ e, of our extended present (see, e.g., Arthur 2006; Savitt 2009; Dorato 2011). It is
beyond the scope of this work to address the proposition of an extended now.
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present and past requires that everything that is in the past lightcone of an event that is
ontologically defined is also ontologically define. This leads to the demand that no now-
point should lie in the interior of the conjunction of the past lightcones of the other now-
points (Dieks 1988, p. 458).

To see this approach at work, let us consider an example given by Petkov
(2009). We have two observers A and B in relative motion;'” we can regard the
observers to be located at the origin of two inertial reference frames and
carrying a clock each. Let C; and Gy be two clocks from A’s inertial reference
frame (at some location -d and +d). As it is usually done, we consider that A
and B meet at event M (i.e. that there is a moment in which the origins of the
references frames coincide) and that they set the clocks to ta = ts = 5 (see Figure
1, which gives a schematic representation of the worldliness of A, B, Ci, and Cg,
and the planes of simultaneity of A and B)."

Figure 1

According to Petkov, when identifying the ‘now’ to the clock’s proper time, «to
observer A, both clocks exist at the 5" second of the coordinate time measured
in A’s reference frame» (Petkov 2009, p. 129); in this way,

1% As it is a current practice in some of the physics literature we will adopt the notion of (inertial) ‘observer’ as an
agent in inertial motion making spatial and time intervals measurements. The agent sets an inertial reference
frame —simply by stipulating the phase of a ‘master’ clock— considering herself to be located at the origin of this
‘frame’ (see, e.g., Bondi 1965, pp. 71-92; Bohm 1965, pp. 131-145; Ludvigsen 1999, pp. 12-17).

"' To simplify, in this work we will adopt a unit of time such that the speed of light is taken to be equal to one.
This will enable in diagrams to represent the paths (worldlines) of light signals/pulses always by straight lines
having an angle of 45° relative to the space and time axes (see, e.g., Bohm 1965, 132; Wheeler and Taylor 1963,
17-8). Also, in this work it will be considered just one spatial direction identified with the letter x.
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as in an inertial reference frame the coordinate (global) time coincides with the proper
times of all objects at rest in that frame, it follows that A comes to the conclusion that C,
and Cs both exist at the 5™ second of their proper times (Petkov 2009, p. 129)."

The problem with this approach is that due to the relativity of simultaneity,
«what is simultaneous for A, however, is not simultaneous for B» (Petkov 2009,
p- 129). When considering B’s plane of simultaneity we see that

what is simultaneous for B at the 5" second of B’s time (when B meets A at M) is clock C;
existing at the 8" second of its proper time and clock Cq existing at the 2™ second of its
proper time. Therefore, for B the moment ‘now’ of the proper time of C, is the 8" second,
whereas the present moment of Cy is the 2" second of its proper time (Petkov 2009, p.
129).

As a result, «<when A and B meet at M, they will disagree on which is the present
moment of each of the clocks» (Petkov 2009, p. 129). If we accept both
hyperplanes of simultaneity as giving the common/global now of all physical
systems, we would face the paradoxical situation that C; and Ce would exist at

once in different moments of their proper time."

But with Dieks the now is not defined in terms of simultaneity. The
now/present is local to each worldline As Dieks mentions, «<we do not need a
succession of a definite set of global simultaneity hyperplanes in order to
accommodate out experience» (Dieks 2006, p. 4). The fact that A and B take
different elapsed times of Ci and Ce as now for them is not problematic
regarding the now—points of C; and Gy (whatever these might be), if these
events are occurring or have already occurred to Ci and Ceg, i.e. if they are
present or past events in the ordered temporal relation within each worldline of
each physical system Ci and Ce. What is necessary, regarding the relation
between the now—points of A, B, Ci, and Ceg, is that the assignment of a now-
point to each worldline is made in a way that «<no now—point should lie in the
interior of the conjugation of the past lightcones of the other now—points»

12 Petkov identifies the numerical value of the coordinate time with the proper time in the case of an inertial
motion. However, even if accepting Arthur’s clear-cut bifurcation of time, we must grant to Petkov that when in
inertial motion a physical system’s inertial time —which is numerically equal in this case to its proper time—

gives, because of this equality, the time lapse for this physical system.

 As mentioned in footnote 6, this kind of argumentation based on the relativity of simultaneity becomes
meaningless when adopting the thesis of the conventionality of simultaneity.
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(Dieks 1988, p. 458). In this approach it might be possible to make compatible
a local view on passage and the inexistence of a global now; the relativity of
simultaneity and the flow of time would be compatible when adopting Dieks’
views. However there seems to be no physical relation between the different
now—points determined by the theory. As it is, by now, in Dieks’ approach, we
must regard the now—points as simply set by hand as initial conditions in case—
by—case applications, i.e. as an ad hoc prescription superposed to the theory of
relativity.

§3. Dieks’ consistency requirement as implicitly determined in
the theory from the spatial co—existence of physical systems and
processes

Let us consider an inertial reference frame made of a set of inertial bodies —to
simplify, clocks— at relative rest. Adopting Dieks’ view of a now—point per
worldline we might ask about the passage of time of the clocks of the inertial
reference frame and the relation between their respective now—points. Contrary
to Einstein’s views we do not need an explicit implementation of a
synchronization procedure using the propagation of light to establish the
simultaneity between distant clocks (see, e.g., Einstein 1910, pp. 126-127;
Darrigol 2005). It is sufficient to choose the phase of a ‘master’ clock and to
take into account the constancy of the one-way speed of light.'* This already
sets a coordinate time associated to the inertial master clock (see, e.g., Fock
1959, p. 8; Torretti 1983, pp. 53-55). Being at rest in relation to the master
clock the phases of the other clocks are already implicitly determined, being
realized, e.g., when an actual light pulse emitted from the master clock reaches
another clock.

There is a possible oversimplification being made in this approach. If we
think in terms of just one inertial body and its worldline (e.g. the observer with
her master clock), then by choosing a particular temporal phase the coordinate
time in empty space would be fixed. In this case, we would be taking for granted
that there is already a meaningful notion of metrical spatial distance associated
to ‘empty space’. To avoid thinking in terms of just one material body in empty
space we might resort to Einstein’s notion of body of reference. In the context

' This implies taking the so-called one-way speed of light to be the same in all directions. When endorsing the
thesis of the conventionality of simultaneity, we must consider this to be a conventional choice (see, e.g,
Anderson et al. 1998, p. 16).
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of the theory of relativity, Einstein avoids speaking of space (mathematical
Euclidean space) in abstract. The (Euclidean) space of reference is thought in
terms of the space of/associated to an extended material body —the body of
reference, taken to be in inertial motion (see, e.g., Einstein 1955; Paty 1992, pp.
24-25).

We can think of our body of reference, as an inertial reference frame,
enabling spatial and temporal determinations, constituted, e.g., by ‘elementary’
physical systems —rods and clocks. In particular, let us consider a measuring
rod A (adopted as our unit of length). According to Einstein, let us

[bring] bodies B, C . . . up to body A; we say that we continue body A. We can continue
body A in such a way that it comes into contact with any other body, X. The ensemble of
all continuations of body A we can designate as the ‘space of the body A’ (Einstein 1955,

p- 6).

All these material continuations of the body A, constituting the body of
reference, are spatially present to each other. The master clock and the other
clocks can be seen as having a metrical spatial relation determined in the
context of this ever—present body of reference.

It terms of Dieks’ approach we can see the different inertial bodies (clocks)
at relative rest some distance apart in terms of worldlines. Thinking of our
master clock as located at the surface of an extended material body (in inertial
motion), it seems reasonable to consider that the other clocks at rest in relation
to the extended inertial body have their now—points in the elsewhere of the
master clock. This is so because, in this case, we expect the interval between the
now—points to be space-like.”” This would imply that, independently of the
precise now—point each one might have, they are already in accordance with the
consistency requirement mentioned by Dieks regarding the relations between
now—points. This, however, does not seem to assign in an unequivocal way the
now—points of the clocks of the inertial reference frame, which is necessary for
the consistency of the theory: the coordinate time determined by an inertial
observer using light and the coordinate time determined by her master clock
and a set of clocks at relative rest are both meaningful and have the same value
(see, e.g., Callahan 2000, p. 148).

'3 Considering events e; and e; that have a space-like separation, i.e. for which Ax* > ¢ At?, one says that e, is in
the elsewhere of e, (see, e.g. Bohm 1965, pp. 146-154; Schutz 1985, pp. 10-15).
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There is however an element that is not yet explicitly taken into account.
The inertial bodies at relative rest can, e.g., exchange light. We do not need to
assign by hand the now—point of each inertial body at relative rest so that we can
ascertain that a light signal send by one of the inertial bodies will reach another
one.'® If we imagine the clocks of the inertial reference frame as inertial
worldlines with different now—points previous to defining an inertial reference
frame, and from a particular now—point of a clock is emitted a light signal to
another clock (in its elsewhere), the second clock’s now—point is fixed due to its
spatial relation (e.g. the belonging to the extended inertial reference frame) to
the first clock, otherwise it would not receive the light. This is an important
point since it shows that the relation between the now—points of different clocks
of an inertial reference frame is at least partially determined by something more
than the consistency requirement.

The key aspect to be taken into account is that we are considering from the
start physical systems that, e.g., can be brought together side-by-side or moved
around in relation to each other. We are considering what we might refer to as
physical systems that have a spatial relation between them. They co—exist as
spatial things: things that are spatially located in relation to each other
(independently of their local unfolding/passage/change).

When we start to speak in terms of ‘spatially located’, ‘spatial thing’ or
‘spatial relations’ it gives the impression that there is something vague and
‘unscientific’ in this terminology. This does not have to be the case. According
to Dieks,

‘being something spatial’ is a quality whose content is not fixed by saying that it belongs to
elements possessing [e.g.] the interrelations of the points of the Euclidean plane ... to fix
the reference to spatial thing something additional must be invoked. A natural move to
make is to embed ourselves in the network of relations, and to identify some of the

experiential relations between ourselves and the world around us as spatial (Dieks 2006,
pp. 171-172) .17

An example of a ‘natural network’ of relations involving our experience in the
world is given by practical implementations of the notion of inertial reference

!¢ We can imagine e.g. two observers at the surface of an extended body (in inertial motion) some distance apart
and exchanging light signals.

7 Dieks makes these remarks in a context different from that developed in the present paper, in relation to a
tentative ‘grasping’ of the notion of ‘temporality’.
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frame. Let us consider an extended body like the Earth and satellites orbiting it.
In practice one uses a network of satellites to ‘calculate’ an inertial reference
frame (see, e.g., Barbour 1989, pp. 665-666). The satellites are spatially located
in relation to each other, to the Earth, and to us; we all co—exist as spatial
things.

The realization that physical systems are spatial co—existent makes possible
for the particular case of physical systems belonging to/constituting an inertial
reference frame to settle/determine a coordinate time shared by all of them.
That is, because these physical systems are spatially co—existent we can
determine a shared coordinate time in all the inertial reference frame built
from the identical inertial time of the physical systems, e.g. by exchanging light
between them. Saying this in other words: in this case, the relation between the
now—points of the physical systems is fixed; they all share the same temporal
parameter.

It might seem obvious that material bodies can exchange light between
them or even be side-by-side at relative rest or momentarily when, e.g., in
relative motion. However, when starting from a view in terms of worldlines,
each one with its local now—point this result is not self-evident. For example,
the possibility that time-like worldlines might cross or that time-like worldlines
can have their now-points connected by light-like worldlines (i.e. the
worldlines of light signals/pulses) is not ‘covered’ by Dieks’ consistency
requirement regarding the relation between the now—points of different time—
like worldlines. This follows when taking into account that the theory is built by
considering physical systems (like material bodies) and physical processes (like
the propagation of light) that co—exist spatially. Dieks’ consistency requirement
then follows from this spatial co—existence; i.e. for physical systems that are
spatially co—existent it follows that the relation between their now—points is such
that no now—point of a physical system lies in the interior of the conjugation of
the past light cones of the other physical systems.

§4. A new look into Dieks’ now—point per worldline view taking
into account the spatial co—existence of physical systems

As mentioned, all material bodies in inertial motion share the inertial time.
This implies, in particular, that if we consider a clock in relative motion in
relation to an inertial reference frame, it has the same rate as all the clocks of

the inertial reference frame. However, as it is well known, from the perspective
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of the inertial reference frame the clock in relative motion has a smaller rate
(this is the so—called time dilation). But this is also the case when measuring
with the clock in relative motion the rate of any clock of the inertial reference
frame; the clocks of the inertial reference frame will appear to run at a slower
rate. This might give the impression that the time dilation is not real. In fact,
the relative retardation of clocks moving inertially in relation to each other has
nothing to do with the rate of the clocks as such, otherwise the principle of
relativity would not be valid (see, e.g., Bohm 1965, pp. 131-140; Smith 1965, p.
57; solution to problem 30 in chapter 1 of Wheeler and Taylor 1963).

Let us consider a clock A located side-by-side with an identical clock O of
the inertial reference frame. At the moment that clock O gives/reads zero,
clock A is boosted to a state of relative motion with an initial phase of zero (see,
e.g., Brown 2005, p. 30). It is evident that in Dieks’ terms their initial now—
points coincide. This is not in disagreement with Dieks’ consistency
requirement regarding the relation between different now—points. In terms of
the view presented here both clocks co—exist spatially, and this implies, in
particular, that when side-by-side they have the same now-point. Both clocks
send light pulses to the other Ty seconds apart. The successive light pulses arrive
at the other clock T = kTy seconds apart, where k = sqrt((1 + v/c)/(1 - v/c)).
This is the relativistic Doppler effect (see figure 2). Let us determine the rate of
clock A as measured by clock O. When clock A measures a time interval of T =
kT, it is located in relation to clock O in a position corresponding to a time t as
measured by clock O. Calculating the time reading t measured by the clock O
that corresponds to the time reading T measured by the clock A, we have t =T/
sqrt(1 - v¥/c?®). If we calculate in exactly the same way the rate of clock O as
measured by clock A we arrive at the same result (see, e.g., Bohm 1965, pp. 134-
140). The measurement of the time gone by clock A (O) made by clock O (A)
as predicted by the theory is in agreement with experimental results (Zhang
1997, pp. 175-200); in this sense we take the time dilation to be ‘real’.
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Figure 2

When analyzing the time dilation in terms of space—time diagrams (including
the ‘axes’ of two inertial reference frames, but choosing one of the inertial
reference frames as the ‘rest’ frame; see figure 3) the situation might seem
incompatible with the possibility of both now—points having the same value of
the time parameter. When observer A reads, e.g., 10s in her master clock she,
later, upon receiving light emitted by observer B at his now-point
corresponding to, e.g., t' = 8s, considers that this is the now—point of B that was
now with her t = 10s. In the same way observer B takes the now—point of A with t
= 8s to have been now with his t' = 10s. However if we take the diagram at ‘face
value’ it might seem that A’s t = 10s is to A simultaneous with B’s t = 8s
(corresponding to the S plane) and B’s t’ = 10s is to B simultaneous with A’s t =
8s (corresponding to the S’ plane).

T 4

=
ANl

Figure 3
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This might give the impression that the diagram (and the Minkowski space—
time) is incompatible with any notion of flow of time or passage. It seems that
we have two simultaneity planes (S and S’) given ‘at once’ in a fixed
diagrammatic representation of the four—-dimensional manifold (see, e.g,
Petkov 2005). However we must recall that if the now of a physical system is
given by its proper time and the principle of relativity is valid, it follows that
both observer A and B must be taken to read 10s at the ‘same time’, i.e. as their
corresponding now—points: since the clocks when side-by-side had the same
now—point and both have a local flow of time according to inertial time, their
current space—time now—points have the same temporal value. We can conclude
that, even if they are in the elsewhere of each other, if one of the clocks has
gone by t seconds the other clock in relative motion has gone also by t seconds.

As Dieks calls the attention to, the content of our observations is local. The
temporal relation between distant events can only be reconstructed through,
e.g., the exchange of light; and this introduces a ‘distortion’ in the
determination of the now—points corresponding to an observer’s now—point. If
observer A wants to determine the temporal values t’ and t corresponding to the
physical event «reflection by B of light send by A», she can determine t by
sending a light pulse to B at her time reading ty, which is reflected by B and
arrives back at A at her time reading ti. We can imagine that the light pulse
send back by B ‘carries’ the information of B’s proper time reading t’ at the
moment that light is reflected by him. This means that when the light returns to
A she has access to B’s time reading. Then A calculates, by taking into account
that the speed of light is the same in both directions and independent of her or
B’s (relative) motion, the event along her worldline that corresponds to that
particular event in B’s worldline. To A the time reading of observer B when he
sends back the light pulse is t = to + (t1 - to) /2 (see, e.g., Bohm 1965, p. 143). The
relation between the measured value t’ and the partially measured and partially
calculated value t agrees, within the scope of application of the theory, with the
theoretical prediction: as we have just seen, B’s time reading (as determined by
his proper time) when the light is reflected by him is equal to kty, i.e. the
temporal value of the now—point corresponding to the reflection of the light

pulse is according to B t’ = t sqrt(1- v?/c?).
This ‘experimental procedure’ (or any other) to measure according to A the

time reading of B enables a reconstruction at A’s ‘current’ now (given by t1) of
the temporal relation between past events of A and B that had a space-like

Disputatio 5:6 (2016), pp. 11-36



THE FLOW OF TIME IN THE THEORY OF RELATIVITY | 25

interval between them. When A and B determine, by exchanging light, the
events of the other corresponding to their current/past now—points, they arrive
at the result that there is a time dilation. It gives the impression that when A is
e.g. in her now—point with t = 10s, B is so to speak in the past in his now—point
corresponding to t’ = 8s. The same happens to B, which when reading 10s in his
master clock will, later by calculation/measurement, determine that A’s
corresponding now—point was in his past, since B considers that A’s now—point
corresponded to her t = 8s. However that is not the case; A and B can calculate
away the relativistic effect simply by recalling that both have the same proper
time reading according to the principle of relativity: when A’s clock is reading
10 seconds B’s clocks is also reading 10 seconds.

This result, as such, only applies to the particular case of these two inertial
bodies that besides being in spatial co—existence (a necessary prerequisite)
defined their respective coordinate times by setting their phases to the same
value when side-by-side. If we consider another inertial body C in relative
motion that was not side-by-side with A and B the situation is more intricate.
We start with the knowledge that C co—exists with A and B; this means that even
if due to its particular state of inertial motion body C might not ever be
momentarily side-by-side with A or B it can nevertheless exchange light with
them. This restricts the ‘position’ of its now—point in relation to the now—points
of A and B. Let us consider that when t = t’ = 0 light is emitted from A and B
and that it arrives at C when A’s clock is reading T (A can determine this value
calculating it from the time 2T that light takes to arrive back at A; see figure 4).
We know that B attributes a different time of arrival according to his clock, let
us call it T".

Figure 4
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According to the clock of C the physical event «reflection of light by C» occurs
at some value tc of her/his proper time. The phase of C’ clock was not ‘initially’
set to that of A or B. She/he can take the moment at which this particular
physical event occurs to set the phase to, e.g., zero, or simply leave the value as
Tc. The moment at which light arrives at C can be characterized by the temporal
value of her/his now—point. If fact from C’s perspective her/his now—point is
given by her/his position xc = 0 and the value tc of her/his proper time. The
trajectory of C in A and B’s inertial reference frames, or more exactly her/his
worldline can be seen as made of her/his successive now—points representing,
e.g., the succession of moments on which C is reflecting light pulses send by A
and B. Each now—point of C corresponds to a coordinate time of A and a
coordinate time of B that do not coincide (as in the case depicted in figure 4).
This is simply an example of the difference in the planes of simultaneity of two
inertial observers in relative motion. If we now ask what is the ‘set’ of now-
points (in terms of the values of the proper times of A, B and C) that are
simultaneous, the situation becomes much more intricate than the simpler case
of the two inertial observers with identical initial phase. In that case, as we have
seen, when A reads, e.g., 10s she will consider that the simultaneous now—point
of B corresponds to, e.g., ' = 8s; however this set of now—points is relative to
adopting A as our reference observer, i.e. as the observer taken to be at
(relative) rest. If we make the same question from B’s perspective, when B reads
10s he, later, takes the corresponding now—point of A to be the one with the
temporal value of t = 8s. In this case since they set their ‘initial phases’ to zero
we can actually say that both have gone by 10s. When considering another
inertial observer C that has not set her/his phase with that of A and B
simultaneously we still can determine the set of simultaneous now-points
relative to the adopted observer. In this way when A reads 10s, and takes B to
read 8s, she considers that C corresponding moment is that in which her/his
clock reads, e.g., Tc1. However B considers, when reading 10s, that A reads 8s
and Creads, e.g., tc1’. In this case we cannot determine what is the ‘actual’ value
tc of the now—point of C that corresponds to A and B reading 10s since we lack,
e.g., the initial simultaneous stipulation of the phase of C’s clock with that of A
and B.

This does not mean that there is nothing more we can say about the passage
of time of C in relation to that of A and B. Let us consider the inertial motion of

C (as determined by A and B) between her/his time reading tc1 and tce. The
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amount of proper time gone by C as determined by A or B is given by At = tce -
Tar = (t2 - t1) sqre(l - (Vea/c)?)= (to’- t”) sqrt(1l - (ves/c)?), where t1 (") and to
(te’) are the time coordinates of the now-points corresponding to Tc1 and Tce as
determined by A (B), and vca (vcs) is the velocity of C according to A (B). We
again arrive at the time dilation formula. However, we already know that if an
inertial body goes by a proper time interval of At,independently that other
inertial bodies in relative motion ascribe to this time interval values determined
by the time dilation formula At = At/(1 - (v/c)?), it goes by the same amount of
proper time that these other inertial bodies go by/through. We arrive at the
result that the inertial bodies are unfolding at the same pace given by the
inertial time; something that we already knew from the principle of relativity.

This result can be seen as shared with classical mechanics, when
reinterpreting Newton’s notion of absolute time locally in terms of the proper
time of material bodies (see, e.g., Misner et al. 1973, pp. 289-290). However in
Newton’s case we take for granted that all inertial bodies have set their ‘initial’
time to the same value, even if at-a—distance (e.g. by an instantaneous action—
at—a—distance; see, e.g. Brown 2005, p. 20; Torretti 1983, p. 13); and that all
coordinate systems have identical time coordinates, according to each other (as
we can check, e.g., from the Galilean/Galilei transformations; see, e.g., Torretti
1983, pp. 28-29). This implies that the set of simultaneous now—points is clearly
defined: (1) all inertial bodies unfold according to the inertial time; (2) all have
their initial phase set to the same value; (3) the now-points of all is
given/determined by the adopted coordinate time. Furthermore, conditions 1
to 3 apply also to the case of non-inertial bodies.

In the case of the theory of relativity, as we will see, we only have (1) for
inertial bodies; (2) applies only to inertial bodies that have their temporal phase
set initially in a way that we might consider simultaneous; (3) only applies in the
case where (2) applies.

To approach a more Newtonian outlook we might consider an extra
hypothesis that of a sort of cosmic time (given by the shared inertial time with
the same initial phase for all physical systems) for which conditions 1, 2, and 3
apply. For example, we impose a sort of big bang in which all material systems
arise from a particular location at the same moment. However to do this in the
context of the theory of relativity in which we use a four—-dimensional manifold
of events (independently of how we interpret it) seems to push too much the
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theory and not to do justice to the experimental situations in which the theory
is applied, for which this kind of ‘initial condition’ seems out of place.

The situation is less cumbersome than we might think when addressing the
issue of the flow of time in the theory of relativity as compared to classical
mechanics. The description of physical processes in the theory of relativity is
made with inertial reference frames;'® these inertial reference frames have their
‘initial conditions’ set: we take their initial event (0, 0) to coincide, in this way
setting the phase of their master clocks. All of the master clocks give us the time
lapse (which corresponds simply to the coordinate—inertial-proper time of each
observer). When changing from one observer to another we must not get
distracted by the time dilation and remember that all go through the same
amount of inertial time. This means that if we change from observer A to
observer B to describe physical events and processes and A’s proper time reads
10s then we must ‘pick up’ B in his 10" moment of time.

The temporal unfolding of all other material bodies and physical processes
can be described in terms of this inertial time, marking the flow of time. Let us
look at the case of non—-inertial material bodies, i.e. material bodies that are
accelerated. Let us consider an accelerated motion of a body D between two
events in which D coincides with the observer C. The total amount of proper
time gone by the body D is not the same as that of C; being accelerated the
material body’s proper time is given by the general Minkowski proper time
integral Atp= [sqrt(l - (vpa(t)/c)?)dt (here described in terms of A’s
coordinate system). In comparison to C the amount of proper time gone by D is
smaller (see, e.g., Smith 1993, pp. 49-55). However, and importantly for the
discussion being made in this paper, both the now-point of C and the now-
point of D are traced using the coordinate time of A (or B). This is possible
because D co—exists with A, B, and C (e.g. it can be side-by-side with C and it
exchanges light with A and B). However since we lack a further specification of
an ‘initial condition’ regarding the relation of the phase of D with that of A and
B we cannot answer a question like that of what is the ‘actual’ now—point of A
and B when, e.g.,, C and D coincide and C reads tce and D reads toe. When A
receives back the light reflected by C and D she ‘reconstructs’ her past now—
points that she considers to have been simultaneous to the now—points of C and

'8 Non-inertial reference frames can be used, but their applicability is limited. In simple terms they cannot cover

all the four dimensional space of events (see, e.g. Callahan 2000, pp. 143-165).
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D corresponding to their time readings of tce and tpe. If B does the same
procedure he will arrive at a different time coordinate.

Again we face the situation that different inertial observers will consider a
different net/set of now—points to be simultaneous, and it does not seem to be
possible in general to find the ‘actual’ set of simultaneous now—points. For this
it seems necessary a further specification of ‘initial conditions’. This occurs in
the very particular case in which the accelerated body D is side-by-side with A
and B at the beginning of the ‘experiment’ and has its phase set to zero
simultaneously with A and B. In this case we can answer the question. A and B
trace the motion of D, e.g., by emitting light pulses to D that are reflected back.
In this way A and B determine the relation between the proper time of
successive now—points of D in relation to their respective coordinate time. This
is done, as mentioned, by ‘reconstruction’: each of them determines her/his
past value of the proper time that is on her/his simultaneity plane passing by
the worldline of D, corresponding to its proper time tp. But let us now consider
that, e.g., the now—point of D corresponding its proper time tp corresponds also
to the now—point of a hypothetical inertial observer C (see figure 5). We
imagine C to have her/his phase set to zero simultaneously with A, B, and D.
Let us say that the proper time along C’s worldline from the origin to the event
corresponding to D’s reading of tp is equal to tc. This implies that the now—
point of D corresponds to a passage of inertial time equal to Tc, i.e. we can say
that D’s now—point has an inertial temporal value of tc. The hypothetical
observer C is taken to be physically equivalent to A or B. This means that if C
goes through tc seconds, then also A and B have gone by this same amount of
time (independently of what, due to the time dilation, each of them considers
to be the simultaneous now—point of the other). This sets in a unique way the
net/set of simultaneous now—points independently of the observers, as in

classical mechanics.
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Figure 5

In this quasi—-Newtonian situation, conditions 1 to 3 apply to the inertial bodies
in question (A, B, and C). The proper time of the non—inertial body D unfolds
differently from the inertial time; however there is a one-to—one
correspondence between the ‘actual’ now—point of D and the ‘actual’
(identical) now—points of A, B, and C. Since the proper time of D is determined
as a function of the inertial time of one of the inertial observers, one can
consider that its unfolding is a function of the inertial time and its now—point is
determined also by the inertial time. This means that for this particular case,
with some further clarification of the relation of the accelerated body’s proper
time to the inertial time, we see that conditions 1-3 apply also to the case of the
accelerated body.

Having settled in this ‘provisional’ state of affairs regarding the flow of time
in the theory of relativity, let us return to the issue of the relativity of
simultaneity in relation to the flow of time. Let us consider the special situation
in which four inertial observers in relative motion set their phases to zero when

initially side—by-side (see figure 6).

Figure 6
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As it is well known, observer A will take the events along the worldlines of C and
D corresponding, e.g., to Tc = Tp = 10s to be simultaneous, having in A’s
coordinate system, e.g., the value Ta = 12s; due to the time dilation even if A
takes the now—points of C and D to be simultaneous she attributes to them a
value greater than their proper time readings. In the case of observer B he
considers that the events along the worldlines of C and D corresponding to Tc =
Tp = 10s occur at the different moments Ts1 and Tge. Regarding the relation
between the temporal values of the now—points of C and D and A and B, both A
and B are in a way wrong! When C and D go through 10 seconds, A and B also
go through 10 seconds. In general since we do not have the apparently
necessary initial condition it seems impossible to determine, besides the ‘actual’
identical temporal value of the now—points of A and B, the ‘actual’ temporal
values of the now—points of other material bodies. Different observers consider
a different net/set of past now—points to have been simultaneous.

§5. Conclusions

According to the previous section if we choose, e.g., two inertial observers A and
B whose coordinate systems are defined in a related way by setting their
respective initial phase and origin as the same event, the relation between the
now—points of these observers is clear: the ‘actual’ temporal value of the now-
points of the two observers is the same even if due to the time dilation they
might consider that the other observer corresponding now—point is one with a
smaller temporal value; i.e. if A’s now—point is the one with ta = 10s then B’s
now—point is the one with ts = 10s. Even if each observer determines a different
net/set of simultaneous now—points (corresponding to a different
determination of the simultaneity plane), they can nevertheless know, by resort
to the principle of relativity, that both have now—points with the same temporal

value.

In general, this unique temporal value of the now—points cannot be ‘spread’
to other inertial or non-inertial bodies. The now-points of these are
constrained by their spatial co—existence with A and B and by the fact that their
unfolding is determined by the inertial time; however it does not seem to be
possible to determine a unique set of simultaneous now—points. For this it

seems necessary a further specification of an ‘initial condition’.
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As we have seen, this situation is not an impediment to a local view of the
flow of time, for in this case it is unnecessary, as Dieks remarks, to have «a
succession of a definite set of global simultaneity hyperplanes in order to
accommodate our experience» (Dieks 2006, p. 160). In Dieks’ view only along
each worldline is there a clear order relation between successive now—points.
Accordingly, «this complete linear order of now-points is the theoretical
representation that fits the Newtonian conception of time» (Dieks 1988, p.
458). When we consider the relation between the now-points of different
worldlines (i.e. the now—points of different material bodies) their relation is
constrained by the linear order of the successive now—points along each
worldline (arising from the inertial time) and the spatial co—existence of
physical systems and processes; but in general, as we have seen, this does not
result in a unique relation (there are different sets of now—points taken to be
simultaneous depending on the observer). Dieks refers to this situation as that
of having only a partial order in the relation of successive now—points of
different worldlines (Dieks 1988, p. 459; Dieks 2006, p. 171).

Disputatio 5:6 (2016), pp. 11-36



THE FLOW OF TIME IN THE THEORY OF RELATIVITY | 33

REFERENCIAS

ANDERSON, Ronald; VETHARANIAM, I, and STEDMAN, Geoffrey E. (1998).
«Conventionality of synchronization, gauge dependence and test theories of
relativity». Physics Reports 295: pp. 93-180. DOI: 10.1016/50370-1573(97)00051-3

ARTHUR, Richard T. W. (2006). «Minkowski spacetime and the dimensions of the
present». In: The ontology of spacetime, edited by Dennis Dieks. Amsterdam:
Elsevier, pp. 129-155. DOI: 10.1016/S1871-1774(06)01007-2

ARTHUR, Richard T.W. (2008). «Time lapse and the degeneracy of time: Godel, proper
time and becoming in relativity theory». In: The ontology of spacetime II, edited by
Dennis Dieks. Amsterdam: Elsevier, pp. 207-227. DoI: 10.1016/S1871-
1774(08)00011-9

BARBOUR, Julian (1989). The discovery of dynamics. Cambridge: Cambridge University
Press.

BOHM, David (1996 [1965]). The special theory of relativity. London and New York:
Routledge.

BONDI, Hermann (1965). Relativity and common sense. A new approach to Einstein.

London: Heinemann.

BROWN, Harvey (2005). Physical relativity: Spacetime structure from a dynamical
perspective. Oxford: Oxford University Press. DOI: 10.1093/0199275831.001.0001

CALLAHAN, James (2000). The geometry of spacetime: an introduction to special and
general relativity. New York: Springer. DOI: 10.1007/978-1-4757-6736-0

DARRIGOL, Olivier (2005). «The genesis of the theory of relativity». In: Einstein, 1905-
2005, edited by Thibault Damour, Olivier Darrigol, Bertrand Duplantier and
Vincent Rivasseau. Basel: Birkhduser. DOI: 10.1007/3-7643-7436-5_1

DIEKS, Dennis (1988). «Special relativity and the flow of time». Philosophy of Science 55:
456-60. DOI: 10.1086/289452

DIEKS, Dennis (2006). «Becoming, relativity and locality». In: The ontology of spacetime,
edited by Dennis Dieks. Amsterdam: Elsevier, pp. 157-176. DOI: 10.1016/51871-
1774(06)01008-4

DISALLE, Robert (2009). «Space and time: Inertial frames». In: Stanford Encyclopedia of
Philosophy, edited by Edward N. Zalta. (Winter 2009 Edition). Stanford, CA:
Stanford University. Retrieved online in November 2013. URL =
http://plato.stanford.edu/entries/spacetime-iframes/

DORATO, Mauro (2008). «Putnam on time and special relativity: a long journey from

Disputatio 5:6 (2016), pp. 11-36



34 | MARIO BACELAR VALENTE

ontology to ethics». European Journal of Analytic Philosophy 4: pp. 51-70.

DORATO, Mauro (2010). «Should we represent the present in Minkowski spacetime?»
PhilSci Archive. URL = http://philsci-archive.pitt.edu/5096/

DORATO, Mauro (2011). «The Alexandroff present and Minkowski spacetime: why it
cannot do what it has been asked to do». In: Explanation, prediction, and
confirmation: the philosophy of science in a European perspective vol. 2, edited by
Dennis Dieks, Wenceslao ]J. Gonzalez, Stephan Hartmann, Thomas Uebel, and
Marcel Weber. New York: Springer, pp 379-394. DOI: 10.1007/978-94-007-1180-
8_26

EINSTEIN, Albert (1993 [1910]). «The principle of relativity and its consequences in
modern physics». In: The collected papers of Albert Einstein (English translation),
Vol. 3, edited by Martin J. Klein, A. J. Kox, Jirgen Renn, and Robert Schulman.
Princeton: Princeton University Press, pp. 117-142.

EINSTEIN, Albert (1997 [1955]). The meaning of relativity. Sixth edition. ElecBook:
London.

FOCK, Vladimir (1959). The theory of space, time, and gravitation. New York:

Pergamon Press.

FRIEDMAN, Michael (1983). Foundations of space-time theories: relativistic physics and
philosophy of science. Princeton: Princeton University Press.

GODEL, Kurt (1949). «A remark about the relationship between relativity and idealistic
philosophy». In: Albert Einstein: Philosopher-Scientist, edited by Paul Arthur
Schilpp. La Salle: Open Court, pp 557-62.

GRUNBAUM, Adolf (1955). «Logical and philosophical foundations of the special theory
of relativity». American Journal of Physics 23: pp. 450-464. DOI: 10.1119/1.1934047

JAMMER, Max (2006). Concepts of simultaneity. From antiquity to Einstein and beyond.
Baltimore: The Johns Hopkins University Press.

LUDVIGSEN, Malcolm (1999). General relativity: a geometric approach. Cambridge:
Cambridge University Press. DOI: 10.1017/CB09780511755774

MISNER, Charles W., THORNE, Kip S., and WHEELER, John Archibald (1973).
Gravitation. New York: W. H. Freeman & Company.

MQLLER, Christian (1955 [1952]). The theory of relativity. Oxford: Clarendon Press.

PATY, Michel (2007 [1992]). «Physical geometry and special relativity: Einstein and
Poincaré». In: 1830-1930 : un siécle de géométrie, de C.F. Gauss et B. Riemann a H.
Poincaré et E. Cartan. Epistémologie, histoire et mathématiques, edited by L. Boi, D.

Disputatio 5:6 (2016), pp. 11-36



THE FLOW OF TIME IN THE THEORY OF RELATIVITY | 35

flament et J.-M. Salanski. Springer: Berlin, pp. 126-149. Retrieved from
Halshs.archives-ouvertes. URL = https://hal.archives-ouvertes.fr/halshs-00167113/

PETKOV, Vesselin (2005). Relativity and the Nature of Spacetime. Berlin: Springer.

PETKOV, Vesselin (2009). «Relativity and the dimensionality of the world: spacetime is
real». In: Relativity and the nature of spacetime, edited by Vesselin Petkov. Berlin,
Heidelberg, New York: Springer, pp. 121-152. DOI: 10.1007/978-3-642-01962-3_5

SAVITT, Steven (2006). «Presentism and eternalism in perpective». In: The ontology of
spacetime, edited by Dennis Dieks. Amsterdam: Elsevier, pp. 111-127. DOL
10.1016/S1871-1774(06)01006-0

SAVITT, Steven (2009). «The transient nows». In: Quantum reality, relativistic causality,
and closing the epistemic circle: essays in honour of Abner Shimony, edited by
Wayne C. Myrvold and Joy Christian. Berlin: Springer, pp 339-352. DO
10.1007/978-1-4020-9107-0_18

SAVITT, Steven (2011). How fast time passes. PhilSci-archive. URL = http://philsci-
archive.pitt.edu/8737/

SAVITT, Steven (2013). «Being and becoming in modern physics». In: Stanford
Encyclopedia of Philosophy, edited by Edward N. Zalta. (Summer 2014 Edition).
Stanford, CA: Stanford University. Retrieved online in November 2015. URL =
http://plato.stanford.edu/entries/spacetime-bebecome/

SCHUTZ, Bernard F. (1985). A first course in general relativity. Cambridge: Cambridge
University Press.

SMITH, James H. (1993 [1965]). Introduction to special relativity. New York: Dover
Publications.

TORRETTI, Roberto (1983). Relativity and geometry. Oxford: Pergamon Press.

WHEELER, John Archibald, and TAYLOR, Edwin (1963). Spacetime physics. San
Fransisco: Freeman.

ZHANG, Yuan Zhong (1997). Special relativity and its experimental foundations.
Singapore: World Scientific. DOI: 10.1142/3180

Recibido: 30-Abril-2016 | Aceptado: 23-Junio-2016

S

Disputatio 5:6 (2016), pp. 11-36



36 | MARIO BACELAR VALENTE

MARIO BACELAR VALENTE, es Profesor del Departamento de Sistemas Fisicos, Quimicos y Naturales de la
Universidad Pablo de Olavide, Espaiia. Doctor en Filosofia de la Ciencia (PhD) por la Universidad de Sevilla. Sus
principales areas de interés son el analisis de conceptos fisicos y el papel de la matematica en la fisica. Entre sus
principales publicaciones se cuentan: «Proper time and the clock hypothesis in the theory of relativity».
European Journal for Philosophy of Science 6 (2016): pp. 191-207; «Philosophy of Physics», en History and
Philosophy of Science and Technology (Encyclopedia of Life Support Systems — EOLSS) (Paris: UNESCO-EOLSS,
2012); «The relation between classical and quantum electrodynamics». Theoria. An International Journal for
Theory, History and Foundations of Science 26 (2011): pp. 51-68.

DIRECCION POSTAL: Departamento de Sistemas Fisicos, Quimicos y Naturales, Universidad Pablo de Olavide,
Ctra. de Utrera, km 1, 41013, Sevilla. e-mail (*): mar.bacelar@gmail.com

COMO CITAR ESTE TRABAJO: BACELAR VALENTE, Mario. «The Flow of Time in the Theory of Relativity».
Disputatio. Philosophical Research Bulletin 5:6 (2016): pp. 11-36.

© El autor(es) 2016. Este trabajo es un (Articulo. Original), publicado por Disputatio. Philosophical Research Bulletin
(ISSN: 2254-0601), con permiso del autor y bajo una licencia Creative Commons (BY-NC-ND), por tanto Vd. puede
copiar, distribuir y comunicar publicamente este articulo. No obstante, debe tener en cuenta lo prescrito en la nota de
copyright. Permisos, preguntas, sugerencias y comentarios, dirigirse a este correo electrénico: (=) boletin@disputatio.eu

Disputatio se distribuye internacionalmente a través del sistema de gestion documental GREDOS de la Universidad de
Salamanca. Todos sus documentos estin en acceso abierto de manera gratuita. Acepta trabajos en espaiol, inglés y
portugués. Salamanca — Madrid. Web site: (%) www.disputatio.eu



